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1. njTROiiucrioîî 
The soybean plant (Glycine max. (L. ) Merrill) is no 
less dependent than other crops on suitable plant nutrition. 
A soybean crop yielding 4032 kg/ha of seed has been reported 
to take up 364 kg of N, 34 kg of P and 123 kg of K per 
hectare. Soybeans have been observed to give large respon­
ses to fertilization in controlled pot culture experiments 
and often respond, under field conditions when one or more 
nutrients are present at very low or low levels in the soil. 
Soybeans, however, failed to respond to fertilization under 
many situations in the field. 
The traditional method of applying fertilizers for 
soybeans and other field crops has been to broadcast it on 
the soil surface and to later incorporate it to a depth of 
15 cm or less by various tillage methods, This is a con­
venient method of application but it may not put the fertil­
izer in the right place for maximum utilization by the soy­
bean crop. 
Some question also exists as to whether the optimum 
depth or zone of distribution is similar for each of the 
individual fertilizer elements. Placement of N fertilizers 
in the plow layer has been observed to reduce nodulation 
and symbiotic Ng fixation by soybeans. It is easy to 
theorize that deeper placement might minimize these negative 
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effects and result in the applied N acting as a supplement 
rather than a substitute for s^ mbiotically fixed ITg. Such 
hypothesis "becomes more reasonable in view of the fact that 
soybeans have their greatest requirement for F during seed 
development, at a time when the root system is extensive 
enough to effectively exploit lower soil layers. 
Advantages can be offered for deep placement of P and 
K fertilizers. Some agronomists and farmers believe that 
having at least some of the P and K incorporated below plow 
depth is advantageous, specially during periods of dry 
weather. Under such condition, nutrients in the dry surface 
soil may be relatively ineffective. 
In recent years the need for increased yield levels and 
the availability of larger, more powerful application equip­
ment has stimulated an interest among farmers regarding 
possible benefits from deeper placement of fertilizers. 
Individuals are plowing deeper than the conventional 15 to 
20 cm in an effort to raise the fertility level in a larger 
volume of soil. Others have experimented with still deeper 
placement, using knives of various types to open slits in 
the soil for fertilizer placement. 
Some research in Iowa dealing with deep placement of 
fertilizers has involved com as a test crop. These studies 
have primarily been concerned with the effect of deeply 
placed fertilizers on growth and yield. The results from 
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these studies have been variable and very little considera­
tion was given to the effect on nutrient absorption. Very-
few deep placement research has been conducted using soy­
beans as a test crop under field conditions. 
In view of the uncertainty regarding the effects of 
deeply placed fertilizers for soybeans, a series of field 
experiments were conducted in central Iowa having the 
following objectives: 
1) To compare deep banding with the traditional 
broadcast and plow under method for applying IT, P, and K 
fertilizers from the standpoint of their effect on growth 
and other plant characteristics, on grain yield', and on IT, 
P, and K absorption. 
2) To evaluate deep placement under pneumatic pres­
sure in comparison with the broadcast and plow under method 
for applying IT and P fertilizers. 
3) To determine, insofar as possible, the effect of 
deep placement of N on nodulation characteristics and Eg 
fixation, 
4) To evaluate the effect of irrigation on grain 
yield of soybeans from deeply placed fertilizers. 
5) To determine the uptake of P derived from deeply 
banded and deeply placed P in the subsoil. 
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2. LITSSA'IUES 2EVI3W 
The relation between soybeans and fertility of the 
soil has many physical, chemical, and biological aspects. 
Soil properties rarely act individually and many interac­
tions can be expected. A full discussion of these factors 
and their interrelationships is beyond the scope of this 
chapter. The literature cited here is restricted primarily 
to subjects pertinent to the investigations undertaken. 
2.1. Nitrogen 
Nitrogen is one of the most essential elements in the 
nutrition of plants. It is a component of all amino acids, 
proteins, and related compounds and is also a constituent of 
chlorophyl and various coenzymes (Salisbury and Ross, 1968). 
As a relatively efficient producer of proteins, the 
needs of the soybean for N are considerable. Ohlrogge and 
Kamprath (1968) pointed out that a soybean crop, yielding 
4032 kg/ha, accumulates approximately 364 kg I-T/ha. That is 
about twice as much îJ as a com crop with a yield of 8340 
kg/ha grain takes up (168 kg N/ha), which is produced by an 
equivalent amount of energy according to the concept of 
equivalent yields (Hov/ell, 1961). Howell observed that the 
production of 100 kg grain of soybeans requires an equiva­
lent amount of sun energy as the production of 206 kg grain 
of com. 
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The soil volume penetrated "fay the root system functions 
as a storehouse and provides all the nutrients. The gas­
eous, organic, and mineral compounds in the soil are all 
involved. The soybean, being a member of the legn^ inpsae, 
can fix gaseous Ifg present in the soil symbiotically. This 
plant also accumulates combined K derived from organic 
matter and from fertilizers added to the soil. 
-1 
The amount of symbiotically fixed Fg depends on genet­
ic as well as on environmental factors. Van Schreven (1958) 
discussed the impact of more than 25 environmental factors 
affecting symbiotic Ng assimilation, without even consider­
ing interactions. They include soil moisture, temperature, 
nutrients, and pH, as well as the presence or absence of 
"effective" strains of Rhizobium. If one visualizes the 
continuously and drastically changing conditions of the soil 
environment of a soybean plant in the field, it becomes 
apparent that the occurrence of an optimal iNg fixation dur­
ing the growing season is an exception rather than a rule. 
Several methods have been used for the measurement of 
1^ 2 fixation, but all of them have a number of demerits. 
15 The preferred standard method is based on E 
''in this dissertation the symbol Np indicates K derived 
from diatomic air "nitrogen". 
6 
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enrichment from Using If in greenhoizse experiments, 
Norman and Krampitz (1945) estimated that soybeans derived 
25/^  to 3iOfo of their N from the air "by fixation when grown in 
prairie soils of average fertility. By means of similar 
techniques, Alios and Bartholomew (1959) concluded that the 
2^ fixing capacity was lSf=> of the total N used by the plants. 
So even under good growing conditions in the greenhouse sym­
biotic fixation is unable to provide all the îî needed for 
maximum growth. She complexity and expense of this method 
have prevented widespread application in field studies. 
The Dumas or Zjeldahl method assesses total 5 in samples 
and does not distinguish between ÎT obtained from the air and 
IÎ obtained from other sources. Therefore controls with 
grasses and uninoculated soybeans (îîorman, 1944) or plants 
that were inoculated with strains producing ineffective 
nodules (Virtanen and Holmberg, 1958) were used to correct 
for ÎT from sources other than Ng' Also non-nodulating 
soybean varieties have been used for this purpose. Williams 
and lynch (1954) found a mutant non-nodulating type of 
soybean that advanced the evaluation of symbiotic Kg fixa­
tion under field conditions. Clark (1957) reported that the 
roots of the two plant types harbored equal numbers of 
Rhizobium and that various chemical characteristics of the 
plants and the seed were identical. 'iV'eber (1965a) claimed 
to have selected nodulating and non-nodulating soybean 
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isolines that were essential identical in agronomic and 
chemical performance. He evaluated the symbiotically fixed 
N "by subtracting the amomit of N accumulated in the non-
nodulating line from that accumulated in the nodulating line 
on similarly treated plots. He found that 1^  to 74^  of the 
N was of symbiotic origin, depending mainly upon the mois­
ture conditions of the growing season. The assumption 
involved, namely that the two lines are identical except in 
their nodulating ability, is not completely valid. For 
instance Hanway and Weber (1971b) reported that the percen­
tage ? in various plant parts of non-nodulating most N 
deficient lines was markedly hi^ er than the percentage in 
the corresponding parts of the nodulating plants. Despite 
these demerits the results obtained by this unique biologi­
cal method were in fair agreement v;ith results found with 
other methods. 
An indirect method for the estimation of the amount of 
symbiotically fixed E became available after the discovery 
that acetylene-ethylene reduction parallels the nitrogen-
ammonia reduction. Estimating amounts of fixed Ng with the 
acetylene reduction assay (defined here as IT2(02H2)-fixation) 
over a five year period, Hardy, Bums and Eolsten (1973) 
reported that less than 25^  of the N of the mature soybean 
plant was provided symbiotically. Summarizing their results 
of field experiments, that were obtained by this indirect 
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method, they stated that mid and late maturing varieties 
fixed #2(02^ 2) "until senescence stage and fixed up to twice 
as much 1^ 2(0252) as early maturing varieties in Delaware, 
from seasonal patterns it appeared that the Fg ( C2S2) -fixing 
activity of the early varieties decreases 20 to 40 days 
earlier than that of late maturing varieties. The maximum 
fixing activity of the early varieties occurred approximate­
ly 80 days after emergence. Differences in variety and 
environment may be the reason why Brun (1972) found a maxi­
mum 1^ 2(02^ 2)-fixing activity of soybean nodules to occur at 
an earlier growth stage, namely flowering, in Minnesota. 
33ie 1^ 2(0222) fixing activity decreased markedly during pod 
filling. Elis is in agreement with conclusions from results 
obtained in Iowa with another indirect method, the leghemo-
globin assay. 
(Che le^ emoglobin method is used for the estimation of 
1^ 2 fixing activities of legumes. It includes the determina­
tion of le^ emoglobin content in nodules of soybeans (Dr. I. 
C. Anderson, private communication). The le^ emoglobin 
method is based on the general view that leghemoglobin 
apparently catalyses IT assimilation (Stewart, 1966; Mishastin 
and Shil'Eikova, 1971), althou^  the specific role of le he­
moglobin is still unknown. Bergers on (I960) postulated that 
lehemoglobin is reduced by bacteria and oxidized during 1^ 2 
fixation, promoting one of the intermediate reactions. It 
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appears to participate actively in the electron transport 
process, "«ïhite nodules lacking leghesioglobin are incapable 
of fixing Eg*  ^high correlation between the leghemoglobin 
content (assayed as heme) of red nodules and symbiotic ITg 
accumulation in soybeans and other legumes was observed by 
Virtanen, Srkama and Linkola (1947) and Virtanen and Holm-
berg (1958). The leghemoglobin content declined drastically 
as the flowering stage progressed. After flowering the no­
dules turned green and the determination of leghemoglobin 
had no significance. This is in agreement with the findings 
of Cheniae and Evans (1957). They reported a highly signif­
icant correlation coefficient of 0.96 between the total 
amount of symbiotically fixed 17 and the le^ emoglobin con­
tent in nodules of 8-week old "Lee" soybeans. Maggee and 
Burris (1954) confirmed the earlier findings of Virtanen 
15 
and co-workers to the extent that the rate of IT enriched 
Eg fixation decreased as growth slowed down with blooming in 
greenhouse experiments. In addition they supported the con­
clusions of other workers (33iomton, 1939; Chen and Thornton, 
1940) that Fg fixation increases roughly with increasing 
volmne of nodules from actively growing plants. On the 
basis of these relationships various researchers investiga­
ted aspects of symbiotic IT fixation (Dr. I. C. Anderson, 
private communication; deMooy and Pesek, 1966; Ham, 1967; 
Stamp. 1971). For two years Tanner and Anderson (1963) 
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measured the le^ emoglobin content of various varieties 
through the growing season. They found that the leghemo-
globin content of nodules sharply decreases when the nodules 
turn green during pod filling. 
Recently, the relationship between the leghemoglobin 
assay and the C2^ 2^''^ 2^ 4. for the evaluation of the Ifg 
fixation was investigated by Schwinghanmier, Svans and Dawson 
(1970), Hardy et al. (1971), and Weber et al. (1971). The 
leghemoglobin concentration was generally correlated with 
the ^ 2(02112)-fixing activity. In soybeans the appearance 
and disappearance of both le^ emoglobin content and nitro-
genase activity coincided, except during early development 
when the leghemoglobin concentration increased more rapidly 
than the ^ 2(^ 2^ 2^ ""^ ^^ ^^  activity. So, although the 
sas ay for the evaluation of Ng fixation is pre­
ferable, the leghemoglobin assay is a useful alternative. 
In the beginning of the grov/ing season the seedling is 
exclusively dependent on F derived from seed and soil. Under 
field conditions it usually takes about three weeks before 
nodules are formed (Bergerson, 1958), but a source of com­
bined N is needed for about five weeks (Yoshihara and 
Zawanshee, 1956). In greenhouse research, evidence is found 
when ÎT limits vegetative growth in the early grov;th stages. 
ITorman and Krampitz (194-5) were able to alleviate growth 
reduction with supplemental IT that increased top and root 
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yields. Alios (1956) fo-und that tops respond more to early 
IT application than roots. Plants also grew taller in re­
sponse to nitrogen in field experiments (Weher, 1966b) and 
incorporation of K" applied before planting gave ÎTeimylov and 
Slabko (1968) their highest recorded yields of total dry 
matter, Ivlaples and Pleogh (1969) increased vegetative growth 
of soybeans with IT at rates from 22.4 to 44.8 kg/ha in 
determinate varieties gro^ vn in the southern U.S. 
Various investigators reported that there is a critical 
need for IT at the flowering and pod filling stages. Mumeek 
(1937) found that H was translocated from the leaves to the 
pods. His conclusion that the extent of N removal from 
vegetative organs depends upon the amount of seed produced 
was confirmed by {Ehomton (1946). Using ^ E^-labeled fertil­
izer, he showed that a large portion of applied at mid-
season was used in seed formation and increased yields of 
"Richland" soybeans on Clarion soil-sand cultures in the 
greenhouse. Lathwell and Evans (1951) demonstrated in 
outdoor sand culture experiments that "Sarlyana" soybeans 
did not accumulate enough IT up to mid-bloom stage to suffice 
for their subsequent growth and high levels of available IT 
were necessary during the flowering period for maximum 
yields. Pods retained by the plant were found to be a func­
tion of available IT during the bloom period. This close 
correlation between pod-set and the level of supplementary 
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applied N was also discovered "by Hawkes (1957) in outdoor 
sand-gravel cultures. With gravel culture experiments in 
Japan Zonno (1967) noticed that N deficiencies were more 
closely associated with higher rates of flower and pod 
shedding than deficiencies of P, E, and Mg. '.Then N was 
withheld during the early growth stages, Iwata and Utada 
(1968) observed a delay in flowering and a reduction in pod 
formation. Vice versa Hashimoto and Yamamoto (1970) were 
ah le to extend the flowering period and to increase the 
number of flowers and pod setting with If fertilizers. By 
applying îî fertilizers to soybeans, Buttery (1969a, b) was 
able to increase the seed weight. 
Summarizing at this point the results obtained from pot 
culture experiments, it appears that combined H has favor­
able effects on vegetative growth and floral development of 
soybeans. Prom the point of view of crop production, vege­
tative growth and floral development are important at given 
stages in the life cycle of the soybean plant as long as 
they influence or are related to the grain yield. Hawkes 
(1957) and Pan (1967) reported that pod numbers were highly 
correlated with yield in soybeans. Consequently one would 
expect a yield increase from IT fertilization in the field. 
In this matter, however, the literature provides conflicting 
information. 
On one hand favorable effects of F fertilization were 
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found "by Korman (1944). When fertilized with 176 kg N/ha 
"Mukden" soybeans yielded significantly more than when they 
were well nodulated and not fertilized. Reducing the level 
of initial soil IT by plowing under straw at planting time 
Englehom et al. (1947) obtained significant yield responses 
to midseason application of ammonium sulfate on a Clarion 
loam» Lyons and Earley (1952) almost doubled the yield of 
"Lincoln" soybeans with 448 kg/ha of ammonium nitrate in two 
experiments in Illinois in a year with a hot dry growing 
season, ilederski, Wilson, and Volk (1958) found that mid-
season application of IT was most effective in increasing 
soybean yields. Under dry soil conditions in I&Lssissippi, 
Pettiet (1971) found 168, 195, and 262 kg/ha increases in 
yield from application of 22.4, 89.6, and 179.2 kg R/ha, 
respectively. Bhangoo and Albritton (1972) reported yield 
increases of 10^  - 15^  with N fertilization when 112 kg lî/ha 
was applied in 3 equal applications, one third prior to 
planting, another third 6 weeks after planting, and the re­
mainder at 10 weeks or bloom stage on a Colloway silty soil 
in Arkansas. 
On the other hand, Weber (1966a) reported that incre­
ments up to 168 kg/ha of combined R gave consistent but not 
significant increases in seed yields of nodulating soybeans 
in his extensive field experiments. Smith, Button, and 
Robertson (1969), I^ Iaples and Seogh (1969), and Thurlow and 
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Rogers (1969) in Alabama, and Beard and Hoover (1971) in 
California reported no yield responses due to applied 5. 
The failures of soybeans to respond to N fertilization are 
usually explained by the inverse relationship between applied 
N and the production, size, and symbiotic Irziotion of the 
nodules commonly known to occur with legunies under ^  vitro 
and ^  vivo assay conditions (Van Schreven, 1958), High 
levels of ÎT fertilizers can reduce or practically eliminate 
symbiotic fixation as a source of IT. fertilizer U is then 
simply a substitute for instead of a supplement to symbio-
tically fixed IT. Inhibition of nodulation on soybean roots 
by combined N was observed by Wilson (1917), Strov/d (1920), 
Doolas (1938), and Norman and Krampitz (1945) in greenhouse 
experiments. 
A linear reduction of nodule numbers and of assimila­
tion of N derived from soil and symbiotic N fixation to 
Ca(no^ ) 2 applied before planting was found by Zhomton 
(1946) in greenhouse experiments 5 weeks after emergence. 
In solution culture experiments Alios and Bartholomew (1959) 
showed that the soybean was the legume that was the least 
affected by the inhibitive effect of inorganic N. However 
for none of the legumes used was the symbiotic fixation 
completely inhibited by inorganic K. 
îEhe above provides a basis for speculating that in 
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spite of the depressing linear effect of inorganic N on 
symbiotic lî the total E assimilation and yield may increase 
as suggested by results decribed previously. Eie influence 
of combined lî on nodulation appears to be very complex and 
is not well understood. 
Two different but complementary modes of K inhibition 
on nodulation have been proposed. The first one, a postula­
ted internal mechanism, is the C:lî ratio theory. It states 
that when lî is abundant, the carbohydrates synthesized are 
used primarily for top growth. The supply of carbohydrates 
to the roots is than so reduced that it is inadequate for 
nodulation and ITg fixation (Allison and ludwig, 1934). 
The second mode, a postulated external (local) mechanism, 
was presented by Tanner and Anderson (1964). This theory 
proposes that combined N reduces the concentration of auxins 
(IAA) which needs to reach a certain level in the rhizosphere 
before infection can occur. This theory explains the local 
effects of combined IT on nodulation, that were studied by 
Wilson (1917) and Strowd (1920) by means of solution culture 
experiments. By dividing the root system of soybean plants 
in such a manner that a number of roots were growing in a 
nitrate free and the remaining roots of the same plant in 
a nitrate containing medium, it was observed that inhibition 
of nodulation was entirely local in character. Performing 
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similar spit-root experiments with peas Virtanen et al. 
(1947) arrived at the same conclusions in Finland. In 
addition it was found that, when peas were supplied with 
sufficient nitrate in one part of the root system, K" fixa­
tion still continued on the other side in a IT free medium. 
Doolas (1938) concentrated his research in qualitative­
ly evaluating the zonal impact of combined N when the same 
soybean root was growing through both nitrate free and 
nitrate containing zones in the medium. Inoculated soybeans 
were planted in small paraffined screen pots (with 435 grams 
of Putnan silt loam) within much larger 2.7 liter pots. As 
the bean seedlings grew from the small pots (inner zone) 
into the larger pots (outer zone) the local effect of calci­
um nitrate on nodulation was studied. The inhibitory 
effects of combined IT on nodule size were transferred along 
the root into the inner zone whereas only slight effects 
were transferred to the outer zone when the inner zone was 
enriched with nitrates. However, the soybeans growing with 
nitrates in the outer zone produced 20^  to 50^  more dry 
weight than the controls without combined F and with good 
nodulation. The inhibitory effects of N on the size and 
wei^ t of nodules were generally more profound than the 
effects on the number of nodules. It is conceivable that 
Fg fixation was partially reduced but still active at a 
17 
significant level. 
Harper and Cooper (1971) studied the local impact of 
various rates of combined N (50 ppm and 150 ppm K) on nodu-
lation in environmental chamber experiments. They confimed 
the inhibitory effects of combined IT on fresh v/eight and 
hemoglobin content on nodules of "Wayne" soybeans when N was 
dispersed throu^ out the soil. These effects, however, were 
considerably reduced when combined N was placed 20 cm below 
the soil surface, with placement of higher levels of îî 
below the zone of no delation they were able to increase the 
concentration of nitrate in the plant roots and tops while 
maintaining nodule fresh weight and hemoglobin. 
2.2. Phosphorus 
Soybeans make high demands upon available soil ? 
supplies due to the production of ample protein containing 
materials of which P is an important constituent. Ohlrogge 
and Eamprath (1968) pointed out that a soybean crop yielding 
4032 kg/ha accumulates 34 kg p/ha. 
Phosphorus is an essential element and plays a direct 
role as a carrier of energy (Adenosine triphosphate) in the 
plant. It is contained in enzymes, nucleotides and various 
plant constituents (Salisbury and Ross, 1968) and plays a 
part in photosynthesis. 
18 
The P accumulation of soybeans depends on many factors 
including the stage of plant development, availability of 
P, weather and other growth conditions, and genetical 
factors. 
Uptake studies under field conditions revealed that 
indeterminate soybeans (Hammond, Slack, and Norman, 1951; 
Hanway and Weber, 1971c) as well as determinate soybeans 
(Henderson and Kamprath, 1970) take up P throughout the 
growing season. In the early stages of growth the observed 
daily accumulation was slow (0.01 to 0.05 kg P/ha/day). 
[Chen rates increased consistently as the season progressed 
and reached a peak between full flowering and mid-pod fill­
ing (approximately 0.4 kg P/ha/day). Later the accumulation 
rate of P declined but continued at a considerable level up 
to leaf fall. 
The impact of the availability of P on the uptake of 
this element is reflected in the excellent work of Hammond 
et al. (1951). The total P uptake of soybeans on a Webster 
silt loam was approximately twice as large as the amount of 
P accumulated from a Clarion loam. The P soil test value 
for the Webster soil (adsorbed P) was three times as great 
as that for the Clarion soil. Although the dry matter 
production was 58^  more on the Webster soil, this inter­
related better growth does not fully explain the larger P 
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acciiinuiation on the Webster soil. Increasing the avail­
ability of P with fertilization, Hanway and Weber (1971c) 
reported that an application of 49 kg P/ha increased the 
P accujnulation by an average of 5 kg P/ha. 
A third factor that has a drastic effect on the P 
accumulation is the moisture regime during the growing 
season, This will be discussed in section 2.4. 
The capability to take up P seems to be partly geneti­
cally controlled. By using reciprocal grafts of "Lincoln" 
and "Chief" stems and roots, Poote and Howell (1964) found 
that the critical genotypic difference in P accumulation was 
inherent in the roots. When two nutrient solutions, one 
containing a low P concentration of 0.32 mid: and the other 
containing a high P concentration of 3.2 mM, were used, 
the P sensitive "lincoln" variety took up 1.5 times as much 
P than the P tolerant "Chief" variety on the low P solution 
in a 3 to 4 day period. On the hi^  P solution "Lincoln" 
plants also took up more P and showed symptoms of toxicity, 
She P accumulation also depends on the length of season 
required to reach maturity, which differs among varieties, 
Eanway and Weber (1971 c) reported that the late variety 
"Richland" accumulated 8.4 kg P/ha more P than the early 
maturing L61-344, a difference of about 58^ . The responses 
to P of different soybean varieties were investigated by 
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Howell (1954), Fletcher and Eiirtz (1964), deMooy (1965), 
]>unphy, Eurtz and Howell (1966), Peterson (1967) and 
Odurukwe (1972). 
Phosphorus significantly affects the development of 
nodules. Wilson (1917) was one of the first investigators 
to report that an application of P to the soil had a favor­
able effect on the nodule production in pot experiments. 
Eae number of nodules on one month old soybean plants was 
doubled by 962 pp2m monosodium or monopotassium phosphate. 
Similar trends over a larger range of P levels were reported 
from research in Germany (lildecke, 1941). An application of 
111 pp2m P, given as CaHPO^  resulted in a 10 fold increase 
in the number of nodules and a 15 fold increase in their 
wei^ t after 120 days when compared with an application of 
11 pp2m. Beneficial effects of P on nodule production was 
also found by Poschenrieder, Sammet and Pi s cher (1940). 
In more recent work attempts liave been made to determine the 
P rates at which maximum, nodulation is obtained. In green­
house experiments Fletcher and Kurtz (1964) applied P at 
rates varying from 0 to 4400 pp2m using superphosphate. The 
P sensitive variety "Lincoln" and the P tolerant variety 
"Chief" were used. The number of nodules increased with 
P rates up to 280 pp2m. Higher P rates caused a reduction 
in the number of nodules of both varieties. In outdoor pot 
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experiments, deMooy (1965) investigated the simultaneous 
effects of P at rates of 0 to 800 pp2ni, Z at rates of 0 to 
800 pp2m, and Ca at rates of 0 to 4000 pp2m. on nodulation, 
K'odule production responded mainly to P. The nodule number 
at concentrations of 550 pp2m P and 800 pp2m IC was 22 times 
the number found in the check treatment. The nodule fresh 
weight was increased by a factor of 10. Similar results 
were reported by deMooy and Pesek (1966). Some contrary 
conclusions can also be found in the literature. Perkins 
(1924) conducted pot trials with sand and two soils, P 
treatments ranged from 0 to 1333 pp2m. He concluded that P 
reduced the number of nodules per plant. Only a few reports 
on the effect of P on nodule production in the field were 
found. Fellers (1918) conducted a field experiment on a 
Penn fine sandy loam where P was a variable. Pie concluded 
that P improved nodulation only if adequate Ca was also 
available. The number of nodules per plant was increased 
from 18,6 to 26.4 with a rate of 149 kg/ha of P after 107 
days if 2240 kg/ha of limestone were applied. Eeltz and 
Whiting (1928) applied P at rates from 0 to 158 kg/ha, 
placing superphosphate 2.5 cm above and to the side of the 
seeds. The number of nodules increased from 37.8 to 49*6 
nodules per plant with increasing P rates on a T^ TI ami sandy 
loam. Diener (1950) observed that, although penetration by 
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RMzobia is possible at low levels of P, the infection 
remains latent and nodules were not formed on the roots of 
peas. A similar "behavior of soybeans was reported in Japan 
twelve years later. A detailed study by Zamata (1962) showed 
that different strains of Rhizobium .iaponicum had different 
P requirements. Certain strains were able to induce nodules 
on certain genetically related soybean varieties, while 
other strains failed to generate nodulation after root 
infection because the P concentration in the roots was too 
low. 
'The literature indicates favorable effects of P on the 
intensity of the symbiotic Eg fixation. Ltidecke (1941) 
found that an increase of the P rate from 11 to 111 pp2m 
improved the Ng fixation per gram of nodules from 51 to 
155 mg. The amount of IT fixed per plant was 45 times larger 
at high rates than at low rates. The Eg fixing capacity is 
related to the le ^emo glob in content of the nodules 
(Virtanen et al., 1947; Stewart, 1966; and Gibson, 1968a,b). 
The concentration of le hemoglobin serves as an index of the 
volume of active tissue, DeMooy and Pesek (1966) found that 
the relative le^ emoglobin content increased as P application 
rates varied from 0 to 671 kg/ha. A 2,5 fold increase of 
the leghemoglobin content was observed at rates of 671 kg 
P/'ha and 895 kg K/ha. Mederski (1950), however, questioned 
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the positive effect of P on the fixation. He determined 
the F accumulation of soybean plants grown in solution 
cultures containing 5 and 45 ppn P and concluded that P had 
no effect on the U fixation. 
As suggested in the work of Fischer, Saianet and 
Posciienrieder (1942) and demonstrated "by deKooy and Pesek 
(1966), the effects of nutrient interactions on nodule 
production are important. These are also likely to affect 
the more complex process of N fixation. The contradictory 
conclusions in the literature may therefore he due to 
limiting factors not recognized in the experimental con­
ditions. Considering the relatively large needs of the 
soybean for P, the simultaneous effects of P on various 
metabolic processes, and the favorable effects of P on 
other legumes (Van Schreven, 1958) , it is believed that P 
has a beneficial effect on N assimilation. The work of 
Albrecht, Slemme and Hierke (1948), using sweet clover, 
supports such a conclusion. For soybeans deMooy (1965) 
showed that P rates as high as 452 to 510 pp2m resulted in 
grain yield increases of more than 200^  in pot experiments 
if K and Ca were supplied in large concentrations too. 
In spite of all the mentioned beneficial effects of P, 
measured responses to direct fertilization have been incon­
sistent in the field. The consensus is that P fertilization 
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increases the soybean yield when the soil is very low or 
low in available P and no other limting factors occur 
(Pierre, 1944; Hammond et al., 1951; Miller, Pesek and 
Hanway, 1961; Ohlxogge and Kamprath, 1968; Rogers et al., 
1971). In such a case deMooy and Pesek (1972) estimated 
that maximxim yields were obtained at rates of approximately 
280 kg/ha of P and 560 kg/ha of Z. On the other hand studies 
have shown that soybeans respond to hi^  levels of available 
P in the soil. By means of multiple regression analysis, 
Kamprath and Lîiller (1958) showed a significant positive 
correlation between soil P and pH levels and soybean yields 
in North Carolina. Walker and Long (1966) arrived at 
similar conclusions in Tennessee. Predicted maximum yields 
were obtained at concentrations as high as 105 pp2m P in the 
soil, when associated with hi^  concentrations of K (264 
pp2m) in the soil. Similar results were obtained in Alabama 
(House, 1968) and Indiana (Ohlrogge, 1967). 
It is noted that hi^  yields were usually obtained from 
fields with hi^  levels of P, which are mostly found on land 
that has been built to high fertility over a period of 
several years. It is possible that the annual operations 
like plowing and other tillage practices had thoroughly 
mixed the hi^  rates of fertilizers with an increasing 
volume of the soil and moved some of the P and Z deeper into 
25 
the rooted part of the soil profile. As a result the soy-
oeans were ah le to take -up more nutrients from the subsur­
face soil and were therefore less subject to drought induced 
nutrient deficiency when a part of the surface soil dried 
out during periods of the grov/ing season. 
2.3.  Potassium 
•The role of K in the nutrition of soybeans is versa­
tile. It acts as a coenzjine or activator for many enzymes 
and is involved in the carbohydrate and protein synthesis 
(Salisbury and Ross, 1968), which reqiiires hi^  amounts of 
X. This explains the large need of soybeans for Z, which 
Ohlrogge and Kaiaprath (1968) estimated to be approximately 
130 kg/ha for a 4068 kg/ha bean yield, 
Ohlrogge (1963) reported that consistent large soybean 
yield increases from K fertilization were observed on almost 
all K deficient soils in the southeast, This v;as confirmed 
by recent research in Alabama (Rogers et al,, 1971). 
Profitable yield increases were obtained on soils testing 
low in available Z. Responses on soils testing medium or 
hi^  in available Z were small or nil, Field experiments 
in Iowa showed that hi^ ly significant yield responses to K 
application can be obtained on soils testing low in avail­
able Z (liiller, 1960; deMooy, 1965; deilooy and Pesek, 1971). 
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This is in agreement with the view of Ohlrogge and Kamprath 
(1968) that high soybean yields in the Midwest are associ­
ated with soils testing high in Z. At available K levels of 
50, 100, and 150 pp2iii, the percentages of TnaviTmiTn soybean 
yields obtained were 60, 85, and 90 percent, respectively, 
Pesek (1968) explained that maximim. responses were 
obtained at relatively hi^  rates of E fertilization in the 
presence of hi^  rates of P, Under some experimental con­
ditions yield reductions were caused by application of P 
without additional E fertilization, suggesting a K x P 
interaction. This P induced K deficiency (deMooy and Pesek, 
1971) vanished at rates above 460 kg K/ha and benefits from 
P fertilization were obtained. Similar significant seed 
yield responses were reported by Rouse (1961) and Miller et 
al. (1964). Interrelationships between E and P were also 
found to occur in the mineral composition of the plant. 
DeMooy and Pesek (1970) demonstrated that the Z x P inter­
action had a significant impact on the percentage of K in 
soybean leaves. An application of Z and P was needed to 
maximize the Z content of the leaves. Inversely fertiliza­
tion with Z also changed the percentage of P in the 
leaves. 
Reports of the effect of applied Z on N assimilation 
are few in the literature, Wilson (1917) as well as 
Pellers (1918) observed that Z enhanced nodulation. In 
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sand culture experiments Perkins (1924) noticed that nodu-
lation was increased "by K only when adequate amounts of 
calciiam carbonate also were available* A 45^  increase in 
nodule numbers due to 168 kg ZCl/iia was found by Heltz and 
Whiting (1928). In field experiments in Germany Poschen-
rieder, Sammet and Fischer (1940) noted that positive 
nodule responses to P applications occurred only when P 
was present in adequate amounts. In pot ei^ eriments, 
deMooy and Pesek (1966)  attempted to determine optimum rates 
of P, Z, and Ca for nodula1d.on, K affected nodule niuabers, 
nodule size, and relative legbemoglobin content in a complex 
manner, iffa-g-îTrmm nodulation was obtained at very high levels 
of K with very high levels of P. Rates of 600 to 800 pp2m 
K and 400 to 500 pp2m P tripled nodule wei^ t at the end 
of the flowering stage. 
2.4. Water and Nutrient Uptake 
Ihe soybean plant is a relatively voluminous consumer 
of water. Scott and Aldrich (1970) estimated that soybeans 
use approximately 646 kg water per kg dry matter produced. 
That is about 85^  more than the amount needed by corn and 
twice as much as the amount needed by sorghum. Consequent­
ly, water plays a vital role in the growth of the bean plant 
and important effects on grain yield and nutrient 
uptake. 
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Laing (1966) studied the impact of moisture stress at 
selected periods during the flowering, the pod initiation, 
and the bean filling stage in pot culture experiments. The 
reduction in the grain yield was greatest when moisture 
stress occurred at the "bean filling stage. In long-term 
field experiments, Runge and Odell (I960) investigated the 
effects of precipitation and other variables on yield. 
They found that the yields were positively associated with 
rainfall during pod-filling at Urbana, Illinois. An. addi­
tional inch of rain above the average for an ei^ t day 
period caused a yield increase of more than 1.5 bushel per 
acre. Similar conclusions were reached by Eogers and 
Thurlow (1971) at Auburn, Alabama, v/here a close positive 
relationship between grain yield and rainfall between 
August 20 and September 23 was observed. 
Less information is available dealing with the influ­
ence of moisture stress on the accumulation of mineral 
elements by soybeans. The work of Henderson and Kamprath 
(1970) suggests a pronounced relationship between moisture 
stress and accumulation of nutrients. In 1966, a dry year, 
the yield of dry matter at 140 days after planting was only 
60j5 as great as in 1967 when the moisture supply was ad­
equate, The accumulation of K was also reduced by 60^ . 
The amounts of H and P, however, were far more reduced; 
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dovm to 50^  and 4-3^ » respectively. Glhis may indicate that 
U and P "became limiting before K, 
The detrimental effects of moisture stress on K assimi­
lation were partially explained by Weber (1966b). In field 
experiments he estimated the amounts of symbiotically fixed 
using nodulating and non-nodulating isolines. In years 
when moisture deficiency was the main limiting factor, the 
amount of K fixed symbiotically was only 20^  of that fixed 
in years with adequate soil moisture. 
Ihe drastic effects of moisture stress on 35 assimila­
tion can be better understood if one considers the complex 
symbiotic association between the host plant and Ehizobia. 
Soil moisture is important not only for the growth and 
nutrient uptake of the host plant but also for the develop­
ment and survival of Ehizobia in the soil or those added as 
inoculum with the seed. Rhlzobia are sensitive to excessive 
drying when they are exposed to the open air. This explains 
the disappointing effects of inoculation in a dry surface 
soil (Van Schreven, 1958). Moisture deficiency as well as 
excess water may limit the development of Ehizobia and the 
health of the host. Van Schreven showed that the growth of 
Ehizobia in soil-peat mixtures was injured both by too low 
and too hi^  moisture contents of the medium. He concluded 
that a relatively hi^  water content of the soil, but no 
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actual water logging is desirable for maximini growth and 
nodulation. Miskustin and Shil'Nikova (1971) are more 
specific. They claim that nodules usually form when the 
soil moisture content is 40% to 80% of the total water 
holding capacity. 
Wilson (1931) showed that the longevity of formed 
nodules is affected by the availability of water in the 
soil, A reduction of soil moisture from 20% to 12.5^  for 
24 hours caused bean roots to shed 36^  of their nodules on 
the average. 
Sprent (1971) investigated the effects of water stress 
on detached soybean nodules. [Hie maximum rate of 1^ 2(02^ 2^  
fixation occurred when the fresh weight of nodules was 
approximately 80^  of its maximum fresh weight (fully turgid). 
Nodules of sli^ tly wilted plants fixed 53^  as much as non-
wilted plants. He concluded that water supply has a major 
effect on the amount of lîg fized in the field, particularly 
when the nodules are near the surface. Severe water stress 
led to complete cessation of 52(0252) fixation. Using a 
different technique Kuo and Boersma (1971) demonstrated that 
even a relatively short period of moisture stress had an 
impact on the fixation of Kg. 2hey used three-week old 
soybean plants, grown in controlled environment, on which a 
moisture stress of only 10 days duration was imposed. (Ehe 
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maxiTmm relative Kg fixing rate was found, at 0.35 bars soil 
water suction. Depending on the root temperature, the rela­
tive 1^ 2 fixing rate was decreased down to only $8^  to 30^  
at 2.50 "bars soil water suction, 
01sen, Watanabe, and Danielson (1961) and Wesley (1965) 
found respectively with com and oats seedlings that the 
uptake of ? from the soil decreased as the water content in 
the soil fell. This relationship was confirmed by 3ck and 
Panning (1961) using sor^ um. They indicated that P uptake 
probably ceased when the wilting point was reached. The 
uptake of îî and K was not so dependent on soil moisture. 
The characteristics of root growth and development are 
related to the uptake of water and nutrients. Soon after 
planting the radicle develops into a primary root and later­
al roots are formed as soon as the radicle begins to elon­
gate. Often within four days root hairs appear (Sun, 1955, 
1957). As the root growth progresses throu^  the growing 
season, three phases that are associated with the general 
growth stages of the aerial parts of the soybean plant can 
be recognized (Mitchell and Russell, 1971): 
1) Early rapid vegetative growth of aerial parts with 
a downward taproot growth (to a depth of 4-6 to 60 cm) and 
shallow lateral (horizontal) roots. 
2) flowering and pod formation accompanied by root 
development to 76 cm depth. 
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3) Seed formation and deep penetration of several 
lateral roots. The taproot may reach a depth ranging from 
152 (Borst and Thatcher, 1931) to I80 cm (Trouse, 1971) in 
a well aerated, loose, moistened soil. 
The main mass of roots was found in the upper 60 cm of 
the soil in the late growth stages (Mitchell and Russell, 
1971). Root samplings with cylindrical cores down to a 
depth of 80 cm revealed that 70^  to 80$G of the wei^ t of 
the roots was right under the stem in the core containing 
the taproot (Saper and Barter, 1970). The root system, 
however, takes up water at depths greater than 80 cm. Howell 
(1963) reported that soybeans can use water from "the fifth 
foot" in Nebraska. Even under irrigation and adequate 
rainfall Peters and Johnson (1960) found that a considerable 
amount of water was used from the lower part of the soil 
profile below 75 cm. 
Variety (Mitchell and Russell, 1971) and environment 
have a profound impact on the root distribution throu^  the 
soil. Unfavorable conditions may restrict the development 
of the taproot, but usually encourage more branch roots to 
develop (Eck and Davis, 1971). 
Soybean roots are susceptible to intraspecific competi­
tion (Mitchell, 1969; Raper and Barber, 1970; Mitchell and 
Russell, 1971). This means that the root system of adjacent 
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plants of the same species tend not to interpenetrate be­
tween rows. On single plant plots, primary branches tend 
to leave the taproot at progressively greater angles of 
inclination and continue downwards throu^  the soil along 
relatively constant inclinations, Under competition in the 
field, however, that is not the case. lateral roots of 
various varieties planted in rows extended outwards toward 
the center of 75 cm spaced rows, but tended to turn sharply 
downwards at midrow (Mitchell, 1969; Eaper and Barber, 1970; 
Mitchell and Russell, 1971), providing extensive deep pene­
tration of the soil profile. 
2o5. Methods of Deep Placement of Fertilizers 
The possible advantage of working the soil below the 
depth of ordinary tillage is an old appealing notion for 
farmers. The idea was so well established as early as the 
colonial days that it led Benjamin Franklin to write: 
... Plow deep while sluggards sleep and you'll 
have com to sell and com to keep... 
A special type of subsoil plow was patented about the 
time of the Civil War (Duley, 1957) and yet no published 
research from Iowa was found that deals with subsoil 
fertilization where soybeans were used as a test crop. 
In papers dealing with com and other crops two basic­
ally different types of subsoil fertilisation can be 
distinguished. 
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A "biological method of subsoil fertilization has "been 
reported "by Hervey et al. (1950). Here a deeply rooted 
legume, sweet clover, was nsed to translocate P, derived 
from "broadcast fertilizer, down into the subsoil. An advan­
tage of this method is its simplicity, "but the main dis­
advantage is its ineffectiveness. ÎChe amounts of P distrib­
uted from the surface soil over a soil depth from 0 to 45 cm 
were relatively small, varying from 3,5 to 5.5 kg/<aa, depen­
ding on the experimental conditions. These amounts are 
comparable to those left behind in the roots of a soybean 
or com crop after harvest (Ohlrogge and Kamprath, 1968; 
Barber and Olson, 1968). Furthermore the P was in organic 
form which to be converted in the subsoil to forms that 
are suitable for crop nutrition. This biological method 
also has the disadvantage that the deeply rooted legume has 
to fit into an economical crop rotation. 
The second type of subsoil fertilization is done 
mechanically. It includes deep placement of manure, fertil­
izers, and limestone by hand tools as has been practiced 
by European gardeners for many centuries. It is obvious 
that this method, which requires intensive hand labor, is 
not feasible in present day agriculture. Dynamiting fertil­
izers into the subsoil has been tried in the hope of 
improving subsoil fertility (lacombe, 1948). Finally, the 
35 
continuously increasing power of the tractor has made 
practicable the plowing under of P and K with or without 
limestone down to a depth ranging between 30 and 45 cm, as 
proposed "by Dumenil and George (1968) for com, and per­
formed "by Urano, Ragase, and Eiraoka (1959) and Urano, 
Otagiri, and Matsushita (1960) with rice and soybeans, by 
Thompson and Brown (1967) with soybeans and by Jones and 
liutz (1971) with wheat and soybeans. Urano et al. (1959, 
I960) compared deep (36 cm) and shallow (12 cm) plowing of 
soil fertilized with a medium rate and a hi^  rate of a 
manure-fertilizer mixture in Japan. Deep fertilization had 
increased the length of the soybean roots and stems, im­
proved nutrient absorption but did not affect grain yield 
consistently. Thompson and Brown (1967) applied massive 
fertilization in plowing under 1000 kg/ba of 0-20-20 down 
to a depth between 25 and 30 cm. This large sub-surface 
fertilization of P and K neither increased nor decreased 
soybean yields in the year of application. The positive 
effects of the fertilizers were nullified by the yield re­
ducing effects of deep plowing. In the three subsequent 
years, however, the deeply placed fertilizers generally in­
creased, yields. Jones and lutz (1971) placed various rates 
of dolomitic limestone at 30.5 cm depth in Virginia. !Ehey 
found that incorporation of 22.4 metric tons/^  of limestone 
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at this depth decreased soybean yields significantly, "but 
that limestone at a rate of 44.8 metric tons/ha increased 
the soybean yields slightly. Wheat yields were imaffected 
by deep placement of limestone. 
Deep incorporation of fertilizers by plowing has two 
main disadvantages. First, deep plowing buries fertile top 
soil and brings subsoil with inferior physical properties, 
including poor soil structure, low in organic matter, to the 
surface. Secondly, by deep plowing one dilutes the ferti­
lizers with infertile subsoil to such a degree that it is 
practically impossible to bring the entire soil layer from 
18 to 51 cm to a state of fertility that would stimulate 
plant growth. 
To reduce the undesirable mixing of fertile topsoil 
with subsoil, in the following studies the deep placement 
of fertilizers has been done by means of various subsoiling 
implements. In South Carolina, Musen (1969) tried to find 
out whether any kind of subsoil fertilization was economical 
for soybeans and if so under which conditions. The largest 
responses were obtained with a back hoe without mixing 
surface soil and subsoil and by adding 1.12 tons/ha of 
limestone and 895 kg/ha of superphosphate to the subsoil. 
Yield increases on deeply fertilized plots over the yields 
on controls with broadcast fertilization averaged 973 kg/ha. 
per year over a six year period. 
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Woodruff and Smith (1946) obtained com yield increases 
from deep placement of fertilizers at 16 to 20 cm depth 
after subsoil shattering on Putnam silt loam soil in 
Missouri. The y noticed that during periods of drought plant 
nutrients became limiting before water and suggested that 
deep placement of fertilizer mi^ t be advantageous in this 
case. Zohnke and Bertrand (1956) studied subsoil fertiliza­
tion in Indiana soils. A large increase in com root growth 
resulted from deep placement of 112 kg N, 112 kg and 
112 kg ^ 2© per ha with a subsoiler down to a depth of 50 cm. 
Grain yields also were often increased compared with the 
yields on controls that had received broadcast fertilizers, 
but not consistently. On the other hand research with less 
beneficial results can also be found in the literature. 
Jamison and Thornton (I960) reported that in Missouri sub­
soil applications of limestone and triple superphosphate at 
51 and 76 cm depth caused significant com and alfalfa yield 
increases in some instances, compared to the yield on un­
treated plots. However, if the surface soil was adequately 
fertilized with 302 kg/ha of 0-20-20, the increases over the 
surface treatment were small and of questionable value. 
Soybean yields did not even show a significant increase 
after subsoil fertilization compared with yields on untreated 
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plots. Larson et al. (1960) found that fertilizer placed 
in a subsoiled channel at 40 and 61 cm depths was not as 
effective as fertilizer plowed under on Ida, Marshall, 
Galva, Edina, Grundy, and Webster-Glencoe soils in Iowa. 
Robertson et al. (1957) studied placement of fertilizers 
at 35 cm depth on six soil types in Florida. !Ehey reported 
com yield increases from deep placement of fertilizers on 
a soil with organic hardpans and a compacted clay-enriched 
layer in the subsurface soil. When drou^ t periods lasted 
more than 25 days the advantages of deeper rooting and 
larger plants gained from subsoil fertilization were lost. 
They found surface placement of fertilizer as good as deep 
placement on soils which contained no root-impeding layer. 
Engelbert and îDruog (1956) studied deep incorporation of 
lime and fertilizer on Alaena silt loam in Wisconsin. Com 
and oat yields were not increased by deep fertilization, 
althou^  increased vigor was noted in some years. Deeper 
root penetration of alfalfa was promoted by subsoil liming 
and fertilizing. Subsoil fertilization increased the 
E content of the plants with the greatest increase occurring 
in the dry year of 1949. 
Solid fertilizers were placed in bands in the subsoil 
in the research reported. The salts had to dissolve before 
they could be taken up by the root system. The series of 
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reactions that occurred during this process was decribed 
by Lindsay and Stephenson (1959). A wetter zone formed 
around band placed monocalcitua phosphate monohydrate. It 
contained dissolved dicalcium phosphate dihydrate in equi­
librium with anhydrous dicalcium phosphate and undissolved 
monocalcium phosphate. The pH fell to 1.48, dissolving Fs, 
Al, Mn, and other constituents of the soil. These poten­
tially toxic ions diffused away from the band and precipita­
ted as the regions of hi^ er soil pE were reached. 
The fact that the nutrient uptake from bands can be 
restricted by the phenomena decribed may be one of the 
reasons why deep placement of solid fertilizers was found 
to be inferior compared to broadcast in some experiments. 
The existence of such a zone that impedes root development 
near a fertilizer band was clearly demonstrated in a pot ex­
periment of Blanchar and Caldwell (1966) with com and oats. 
ÎIo reports were found that decribe deep placement of 
liquid fertilizers for crop production. They may improve 
the distribution of nutrients in the subsoil considerably 
without the adverse reactions mentioned above. 
Another method of subsoil fertilization is deep place­
ment of fertilizers by means of a lance. Siis technique 
was developed for the subsoil fertilization of various 
orchards and vineyards in Europe (Kobel, 1954; Xacombe, 
1948; Gar tel; 1957; Preistetter, 1955) and in the USA 
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(Walliham and Vanselow, 1960; Michels on et al., I969) .  
In viticulture and pomology its use generally resulted in 
considerable responses as pointed out in the reviews com­
piled by Frohner (1965) and Groneman (1968). 
DeMooy and Pesek (1970) found that certain rates of 
fertilization tripled soybean yields in pot experiments and 
suggested consideration of deep placement of liquid fertilr-
izers by means of such a fertilizer lance. In theory the 
Injection of solutions under hi^  pressure would improve the 
subsoil fertility and the uptake of nutrients and possibly 
result in an increase of the soybean yield. 
(Ehe research in the area of deep placement of fertil­
izers in the field has commonly been empirical in nature. 
Often the yield response to deep placement was the only 
parameter used. Sometimes qualitative remarks were made 
about the vigor of the crops and the growth of the roots. 
Usually no basic information was given to elucidate in a 
deductive manner how the nutrient uptake was affected by 
deep placement as compared to broadcasting of fertilizers. 
Although yield is one of the most important parameters in 
crop production, it is often not very useful in identifying 
and explaining factors limiting nutrient uptake. The ab­
sence of yield responses in some of the reported experi­
ments may have been caused by other limiting factors 
associated with the environmental conditions. Exceptions 
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were the papers of Engelhert and Truog (1956) and Urano et 
al. (1959 J i960), where plant analyses gave useful infor­
mation about the nutrient status of the crop. Without such 
knowledge the task of testing deep placement under various 
conditions is an endless one and usually the results cannot 
he fully explained. 
2.6. Potentials of Deep Placement of Fertilizers for 
Soybean Production 
Symbiotically provided K and combined soil N together 
were often unable to meet the plants requirement for full 
yield potential. Fertilizer N had favorable effects on the 
growth and yield of soybeans in experiments under controlled 
environments and often also in the field, which indicated 
that the supply of K v/as limiting. Failures to obtain 
responses to fertilizers are usually explained by the 
inverse relationship of combined IT on the symbiotic K 
assimilation. Combined N is then a substitute for symbiotic 
N. Evidence in the literature suggests that reduction of 
the inhibitory effect of combined N on nodulation can be 
obtained by placing N fertilizers outside the main nodula­
tion zone. Implementing this possibility for crop pro­
duction, deep placement of all the K may be a better way to 
provide complementary N than by broadcasting it. Because 
no information on this matter was found in the literature a 
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portion of this dissertation reports results of investiga­
tions on this specific point. 
An apparent conflict with the mentioned inverse rela­
tionship is that some researchers have found that small 
quantities of combined N increased biological fixation. In 
their gravel culture experiments Alios and Bartholomew 
(1959) found that the lowest rate of applied N increased 
the symbiotic E fixation of soybeans and some other legumes. 
They explained that N fertilization stimulated growth and 
therefore the need for H increased to such an extent that 
fixation increased, favorable effects of low concentrations 
of combined N on nodulation have been observed to occur with 
other legumes too. In his review Vincent (1965) speculated 
that by delaying nodulation with combined N during the early 
stages of plant growth, more sites are provided for nodule 
formation. These stimulatory effects are not simple and 
appear to be functions of the seasonal environment. Lyons 
and Barley (1952) found that an application of 91 kg/ha of 
N slightly increased the nodulation of soybeans in a 
favorable moist year, but in a year with a hot, dry growing 
season 36.4 kg N/ha drastically reduced the number of 
nodules. The yield, however, increased significantly. 
Correlating environmental and management factors with soy­
bean yields, Spurrier (1970) found that high soybean yields 
nearly always followed com that was heavily fertilized 
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with. îî. It is conceivable that some of the N not Tised by 
the previous com crop had been leached by precipitation 
from the surface into the subsoil so that a favorable 
vertical distribution of N was obtained. The good yields 
obtained suggest that the most advantageous placement of F 
fertilizers for soybeans is partially broadcast and parti­
ally placed below the nodulated zone of the root system. 
(Che optimum rate of N fertilization, however, is then a 
function of the availability of combined N derived from the 
soil. 
The soils of the Clarion-Nicollet-Webster soil associa­
tion, the most extensive soil association in Iowa (Oschwald 
et al., 1965) have only very low amounts of available P and 
E in the rooting zone of the subsoil. For instance in 15 
typical Clarion soils in Iowa the soil test for P was 9 pp2m 
or lower and the soil test for E was 54 pp2m or lower at 
depths below 15 cm (Dumenil and George, 1968). Phosphorus, 
and to a smaller extent also K have a low mobility in the 
soil. Minimum tillage and conventional agricultural 
practices tend to accentuate the differences in fertility of 
top- and subsoil when fertilizers are broadcast. 
Visualizing the root distribution of soybeans, it 
becomes apparent that a considerable portion of the roots 
grows in the infertile subsurface soil, which has to provide 
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water and nutrients in dry periods when the tops oil is 
desiccated. This causes the so called drought induced 
nutrient deficiencies, a phenomenon that is common in the 
com belt (Dumenil and Hanway, 1965; Dumenil and George, 
1968).  
Comparing the large responses to P in experiments with 
pot cultures with the small responses in field experiments, 
deMooy and Pesek (1971) concluded that a part of the broad­
cast fertilizer P is indeed not accessible for the soybeans 
in the field because the roots tend to expand byond the 
fertilized area. The possibility of improving responses 
under field conditions by deep placement seemed worthy of 
investigation. 
One may expect deep placement of P to somewhat improve 
the K fixation of the soybean crop in view of the beneficial 
effects of P on nodulation, discussed earlier. 
Fertilizer placement may also have a favorable effect 
on root proliferation. Wilkinson (1961) drew attention to 
the profuse branching of soybean roots when they grew through 
localized placement of P plus N in the field and in green­
house experiments. Placement of IT or P alone did not pro­
duce such a response in root proliferation. In this study 
deep placement of N, P, and N plus P was done to verify the 
expected impact on the extent of nutrient assimilation and 
yield. Soybeans planted in narrow rows consistently yielded 
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more than those grown in traditional 100 cm rows in the 
northern and central regions in the United States (Scott 
and Aldrich, 1970). This led to the recommendation to use 
rows as narrow as weed control methods would allow. In 
narrow rows lateral roots will reach the center between two 
rows at an earlier growth stage. In connection with the 
intraspecific competition, mentioned earlier, it is con­
ceivable that the lateral roots will take a strongly geo-
tropic course at an earlier growth stage, resulting in a 
deeper penetration of the subsoil. In that case deep 
placement of fertilizers would be a logical way to improve 
the nutrient supply. Its impact on soybean production, 
however, can only be estimated by obtaining data on a field 
basis. 
Deep placement of fertilizers often was a novelty that 
had caught the imagination of various investigators. As 
indicated before, the research reported dealt with solid 
fertilizers. It was production oriented and generally 
grain yield and/or dry matter production were the main 
parameters. No information was reported as to how the 
nutrient status of the crop was really affected by deep 
placement relative to conventional broadcasting. 
A study on the effect of nutrient distribution by-
deep placement of liquid fertilizers, integrating the 
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data on dry matter production and nutrient uptake that are 
associated with, grain yield, would supply important informa­
tion v/hich. is lacking in the body of knowledge dealing with 
deep placement of fertilizers. The research reported in 
this dissertation is an attempt to provide this basic in­
formation. 
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3. EXPERBîENTAI PEOCEDUEES AKD HÔATERIAIS 
Pour types of field experiments were conducted to study 
the effect of fertilizer rates and placement on the growth, 
yield, and nutrient uptake of soybeans. These experiments 
consisted of (1) comparisons of split fertilizer applica­
tions to both surface and subsoil, using a deep banding 
machine, with broadcast and plow down placement of IT, P, and 
K fertilizers, (2) comparisons of applications of all N 
to the subsoil, using a deep banding machine, with a surface 
placement of If, (3) comparisons of split fertilizer applica­
tions to both surface and subsoil by pneumatic deep place­
ment of P, and pneumatic deep placement of all N to the 
subsoil with a standard surface placement of H and P fertil-
izers, and (4) studies of P uptake from P fertilizer in 
both a deep banding experiment and a pneumatic deep place­
ment experiment. 
The experiments were all located in the Clarion-Webster 
soil association area. Criteria for selection of an ex­
perimental area were as follows: a very low soil test value 
for E, a very low to low soil test value for P, a low to 
medium soil test value for K, a soil pH of slightly below 
neutral, soybeans had not been grown on the field for at 
least a year previously, and had received no fertilizer or 
manure since the last crop had been grown. Chemical tests 
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for determining the suitability of a site were based <ai a 
composite sample of at least 10 soil cores per replication. 
3.1. Deep Banding Experiments 
The effects of applications of various combinations of 
fertilizers in both surface and subsoil and subsoil alone -
were evaluated and compared with responses from a standard 
broadcast placement in four deep banding e^ eriments during 
the summers of 1969 throu^  1971. 
The experimental designs employed were of the split-
plot type incorporated in randomized complete-block designs. 
The whole plot treatments were different fertilizers at 
various rates in factorial combinations. All treatments 
were randomly assigned to the proper plots and sub-plots 
(Cochran and Cox, 1968). Hates, methods of fertilizer 
application, and number of replicates of all four experi­
ments are given in Table 3.1. 
The deep banding method in experiments I, II, and III 
consisted of applying half the amount of each fertilizer 
rate as a liquid in bands at ca 51 cm depth and 51 cm 
spacings. This was done by means of a deep banding machine 
(Pig. 3.1). The other half was uniformly hand spread on 
the surface in the form of solid fertilizer. In the stan­
dard broadcasting method all of the fertilizer was broad­
cast at the same total rates. 
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Table 3.1. Methods and rates of fertilization in Deep 
Banding Sxperiments I, II, III, and IV 
Deep Banding Number of Rates in kg/^  
Experiments replicates Deep Banding method Broadcasting 
Deep Surface method 






















































































A^ll plots received a uniform broadcast application of 
72 kg/ha of E. 
A^ll plots received a uniform broadcast application of 








Figure 3.1. Schematic sketch of the deep banding machine 
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In Deep Banding Experiment IV, the deep banding method 
consisted of applying all the N fertilizer as a liquid in 
"bands at ca 51 cm depth and 51 cm spacings. N fertilizers 
were also broadcast on adjacent plots to allow for compari­
sons of the experimental results of the two methods. 
A mechanical fertilizer spreader was used for the 
uniform applications of K and ?. 
The deep banding machine was equipped with three large 
fertilizer knives spaced 102 cm apart and fized on a heavy 
duty toolbar. This was connected to the three-point hitch 
of a John Deere tractor equipped with dual drive wheels. 
Two ground-wheel driven squeeze pimps independently measured 
and pumped fluid fertilizers from the two sidemounted tanks 
on the front of the tractor to the injection noses, which 
led the liquid fertilizer down into the subsoiled channel. 
The delivered volume of the different solutions was 
measured under field conditions over a distance of 100 feet. 
It was directly read from a calibrated sub-tank device. The 
first two years, however, the final delivery of the solu­
tions was measured in the field by leading the delivered 
fluid fertilizers into plastic containers. The amoimt 
delivered over a distance of 100 feet was weired and con­
verted to volume. The specific density of the solutions was 
determined with pycnometers. The amount of fertilizer to be 
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applied on the surface was calculated from these data. 
Ammonium nitrate (33.5^  N) was dissolved in water for 
the hand applications and was applied in granule form in the 
"broadcast treatments. An aquous solution of KCl (50^  Z) was 
applied in "bands and granular KCl was "broadcast. Dilute 
orthophosphoric acid was used as the P source for the deep 
handing method. Concentrated superphosphate (20# P) was 
the P carrier employed In the "broadcast procedure. 
The deep handing experiments were conducted on fields 
of cooperating farmers. Location, name of the cooperator 
soil characteristics, and crop management practices for each 
site appear in Table 3.2. 
In most instances the fertilizer was applied on com 
stubble from the previous year. An exception was experiment 
I where fertilizers were applied on alfalfa aftermath. 
After a li^ t disking the surface applied fertilizers were 
plowed under to a depth of 15 to 18 cm. 
Cultural practices such as plowing, seedhed prepara­
tion, application of herbicide, planting, rotary hoeing, 
cultivation, and hand weeding were carried out hy research 
personnel. Certified "Hark" soybeans, inoculated with 
commercial Ehlzobium containing Inoculant, were planted on 
all sites. 
Each plot of the deep banding experiments measured 
53 
Table 3.2. Years, locations, cooperators, soil types, soil 
test values, moisture stress indices, and man­
agement practices of Deep Banding Experiments 
I, II, III, and IV 
Identification of experiments 
I II III IV 




Soil test values 
N (pp2m); 
0 - 15 cm 
45 - 60 cm 
P (pp2m) : 
0 - 15 cm 
45 - 60 cm 
E (pp2m) : 
0 - 15 cm 
45 - 60 cm 
Soil pH: 
0 — 15 cm 











Length, of yield 
row (cm) 
Boone co Boone co 
Ogden 
Clarion Clarion 
loam clay loam 
1971 




11 - 20 
0 - 8  
10 - 20 












8 - 17 
0 - 4  
14 - 25 











12 - 34 
0 - 5  
4 - 1 5  











9 1 2  
1 1 - 2 0  
0 - 6  
1 6 - 2 0  












ISU Ross Hall 
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305 cm "by 1216 cm and accommodated four sample rows and two 
"border rows. The 912 cm in the middle were used as the 
experimental area. The 152 cm on each end were needed to 
insert and remove the fertilizer knife during application. 
The deep "banding machine was pulled twice lengthwise throu^  
each plot resulting in the placement of 6 fertilizer bands, 
approximately 51 cm apart and approximately 51 cm deep. 
After the preparation of the seedbed 6 rows of soybeans 
were planted directly above the placed fertilizer bands. 
The plots were arranged side by side in strips. Between 
each strip a 918 cm alley was provided so that plots could 
be treated without turning on other plots. 
Plant samples were collected at the grov/th stages in­
dicated in Table 3.2 to estimate total dry matter accumu­
lation. !uie samples consisted of plants cut at ground level 
from randomly selected areas in the four center rows to total 
243 cm of row. All plant samples were dried at 65^ 0 in 
forced air dryers. They were ground in a Wiley mill and 
stored in glass bottles. After careful mixing composite 
samples were taken from the ground plant material for sub­
sequent chemical analysis. 
A row with an average stand was chosen for taking 
nodule samples from each plot of Deep Banding Experiment 
III. After cutting off the plants at ground level, a 
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cylindrical metal ring, 14.6 cm in diameter and 12.0 cm 
high; was hammer-driven into the soil until level with the 
soil surface. Ihe core was then carefully removed and the 
soil extending "beyond the bottom of the ring was trimmed 
with a straight-edged knife. The soil cores with roots were 
transferred into a plastic bag and stored in a freezer. 
Subsequently the roots were washed free of soil and the 
nodules were collected, counted, and weighed. 
Dates of plant maturity were recorded when 95^  of the 
pods were brown. 
Lodging scores were made at harvest maturity. A visual 
scale, proposed by Ealton, Weber, and Eldredge (1949) was 
used as a guide in ranking lodging. This scale ranges from 
1 to 5, with 1 representing a condition where all plants are 
erect and 5 a condition where all plants are prostate. 
Seed yields were estimated by harvesting three sample 
rows from each.plot, totaling approximately 1000 cm of row 
(Table 3.2). The soybeans were threshed in a small plot 
thresher. Seed samples were weired after having dried for 
a week or more on benches in the warm drying room of a 
greenhouse. The moisture content was determined with an 
electronic Motomco moisture meter (model 919). The yields 
were adjusted to a common moisture percentage of 135^  using 
the conversion table given by Scott and Aldrich (1970) and 
expressed in kg/ha. 
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The variation of the field data (e.g. yield, dry 
matter) was reduced as much as possible by the application 
of guide lines for designing and sampling soybean plots as 
proposed by Weber and Homer (1957). 
3.2. Pneumatic Deep Placement Experiment 
Responses of soybeans to pneumatically injected N and 
P fertilizers into the subsoil were estimated and compared 
with responses to broadcast fertilizers in a Pneumatic Deep 
Placement Experiment. In this experiment liquid fertilizers 
were injected at 53 cm depth with a hollow lance at a 
pressure of 7.26 atm. The airpressure was maintained until 
all the solution was forced into the subsoil and air escaped 
to the surface. 
The fertilizer treatments provided factorial combina­
tions of 448 kg N/ha and 224 kg P/ha. In deep placement 
plots all the H was injected into the subsoil whereas one 
half of the P fertilizer was applied deep and the other half 
was spread on the surface. In surface application plots the 
total quantity of N and P was broadcast. Two special treat­
ments were included. In the first one P was broadcast at a 
rate of 112 kg/ha. The second treatment consisted of all lî 
deeply placed at a rate of 448 kg/ha and P broadcast at a 
rate of 224 kg/ha. A uniform application of 145 kg E/ha 
was made with a fertilizer spreader. The surface spread 
57 
fertilizers were disked into the soil to a depth of 15 cm. 
!Phe effect of irrigation was also studied, A furrow irri­
gation method was employed in which water was supplied "by 
means of a tank truck. A total of 3048 mm of water was 
applied in six irrigations during periods of water stress. 
Two isolines of soybeans were used. One half of every plot 
was planted with the nodulating isoline A 62-3 and the 
other half was planted with non-nodulating isoline A 62-4. 
They were obtained from the soybean breeding project at Iowa 
State University. All treatments of the Pneumatic Seep 
Placement Experiment are presented in Table 3.3. 
A split-plot design incorporated in a randomized 
complete-block design with four replications was employed. 
Each whole plot was devided into two subplots and the 
nodulating and non-nodulating soybeans were assigned at 
random to these subplots. The design was non-balanced 
because only the treatments in Sections 1 and 2 of Table 3.3 
or the treatments in Sections 1 and 3 were factorially 
arranged. 
The Pneumatic Deep Placement Experiment was conducted 
during the growing season of 1971 at the Bruner Parm. This 
experimental field was located six miles west of Ames in 
Colfax Tov/nship, Boone County, Iowa. The soil was a 
Nicollet loam, a fine-loamy mixed mesic Aquic Hapludoll, a 
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Table 3.3. Treatments and rates of fertilization in 
Pneumatic Deep Placement Experiment, 1971 
Sections Treatments Eates in kg/ha 
Deeply placed Broadcast 
—5 P "3 F" 
1 Deep placement control 0 0 0 0 
K deeply placed (N^ ) 448 0 0 0 
P deeply placed (P^ ) 0 112 0 112 
% 448 112 0 112 
2 Irrigated deep place­
ment control 0 0 0 0 
Irrigated 448 0 0 0 
Irrigated 0 112 0 112 
Irrigated N^ P^^  448 112 0 112 
3 Broadcast control 0 0 0 0 
K "broadcast 0 0 448 0 
P broadcast 0 0 0 224 
Vb 0 0 448 224 
4 0 0 0 112 
Vb 448 0 0 224 
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Brtmizem. The soil test values were very low for K, very 
low to low for P and very low to low for K, as is shown in 
Table 3.4. 
Table 3.4. Soil test values, Pnetiiaatic Deep Placement 
Experiment, 1971 
Soil layers Deaths PH P K 
(cm) (pp2m) (pp2m) (pp2m) 
Surface soil 0-15 5.8-6.6 7-12 9-23 41-121 
Subsoil 45-60 5.8-6.5 1-5 8-21 40-116 
The pneumatic deep placement machine was equipped with 
six hollow fertilizer lances that were simultaneously and 
vertically pressed into the soil. Six volumes of 345 - 1.6 
ml of liquid fertilizer were measured in six polyvinyl 
chloride measuring devices and simultaneously injected into 
the subsoil by means of air pressure from two commercial 
cylinders of compressed air. Thereafter the fertilizer 
lances were pulled out of the soil and moved above the soil 
surface to the next injection points. The injections were 
applied at every 51 cm in a square grid below the location 
of the six plant rows. The whole plots measured 1216 cm by 
305 cm each and the soybean isolines were planted June 3, 
1971. The row spacing was 51 cm and the plant population 
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/ / / / / / ? / / / / / / / / >  
liquid fertilizers 
pressurized dosing 
and injecting device 
//////// lonce 
Figure 3.2. Schematic sketch of the fertilizer lance 
used in the Pneumatic Deep Placement 
Experiment 
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204904. The same fertilizers were used as in the deep 
landing experiments, described in Section 3-1. Amiben was 
sprayed for weed control and the experimental field was 
cultivated twice. The soybean isolines were indeterminate, 
mid-season lines. 
Grain yields were estimated from three rows over a 
total length of 1011 cm. Plant and nodule samples were 
taken as described in Section 3.1. Some plant root samples 
were also dug up, washed, transferred to plastic bags, and 
stored in a freezer for subsequent determination of le hemo­
globin content. 
3.3. Radioisotope Experiments with Radioactive P 
A deep banding experiment and a pneumatic deep placement 
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experiment were conducted using a P source labeled with P 
to evaluate the uptake from P fertilizers in the subsoil. 
Experimental designs used for both experiments were random­
ized complete-block designs with four replications. 
The two experiments were performed at the Bruner Farm 
in the same experimental field in the summer of 1970. The 
location is given in Section 3.2. The soil at the experi­
mental area was a Nicollet loam, a fine-loamy, mixed, mesic, 
Aquic Hapludoll, a Brunizem with approximately 2io slope. 
The soil test values of the sites were very low for K, very 
low to low for P, and low to low medium for K. 
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Field procedures ; 
Deep "banding experiment; Fertilizer treatments 
used were 0, 112, 224, and 336 kg P/ha and 0 and 224 kg F/ 
ha. They were arranged in a 4 x 2 factorial, resulting in 
eight treatment com"binations. 
Only one half of the fertilizer rates was "broadcast as 
solid ammonium nitrate (33#5^  N) and non-labeled concentra­
ted superphosphate (20^  P) and disked to a depth of 15 cm. 
The remaining half was applied in liquid form in "bands at a 
depth of approximately 51 cm. The N was applied as an 
aquous solution of ammonium nitrate and dilute orthophos-
phoric acid was used as the P source. The orthophosphoric 
acid on one half of each plot was in isotopic equilibrium 
with ^ P^. This part was used for uptake studies, while the 
other half was used for yield estimates. All plots received 
a uniform application of muriate potash (50jS K) at a rate of 
72 kg K/ha. 
The plots were 549 cm long and 609 cm wide. In a 
manner similar to that indicated in Section 3.1, the begin­
ning and end of each plot were used for the lowering and 
raising of the deep banding machine, leaving 244 cm useful 
space in the center for sampling. Twelve rows of soybeans, 
51 cm apart, were planted directly over the deeply banded 
fertilizer rows. 
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Figure 3.3. Deep banding machine equipped for the radio­
isotope experiment in operation 
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Details on the fertility of surface soil and subsoil, 
treatments, crop management, and samplings are presented in 
Table 3.5. 
Pneumatic deep placement experiment ; Treatments in 
the pneumatic deep placement experiment were P applications 
of 0, 112, 224, and 336 kg/ha. 
One half of the amount was broadcast as concentrated 
superphosphate and disked to a depth of 15 cm. The other 
half was injected in liquid form at a depth of 53 cm by-
means of a hollow lance. A volume of 300 - 1.5 ml of dilute 
orthophosphoric acid was measured and injected into the 
subsoil in the same manner as described in Section 3.2. The 
injected P fertilizer on one half of every plot fertilized 
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with deeply placed P was labeled with P to estimate the 
uptake of fertilizer P from the subsoil. The other half 
obtained an equivalent amount of non-radioactive P and was 
used for the yield test. All plots received a uniform 
application of K equivalent to 72 kg/ha. Table 3.5 contains 
further details on the experiment. 
Plant sampling; 
The deep banding experiment and the pneumatic deep 
placement experiment were sampled for the first time at 
growth stage 3 (Zalton, Weber, and Eldredge, 1949) on the 
dates shown in Table 3.5. Plants were cut at the soil 
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Table 3.5. Soil test values, moisture stress index, and 
fertilizer and management practices, Radio­





Soil test values 
N (pp2m); 
0 - 15 cm 
45 - 60 cm 
P (pp2m): 
0 - 15 cm 
45 — 60 cm 
Z (pp2m): 
0 - 15 cm 
45 — 60 cm 
Soil pH: 
0 - 15 cm 
45 - 60 cm 
Moisture stress index 
Fertilizer practices 
Dates of deep placement 
Dates of broadcast 
application 
Volume of liquid fer­










Row spacing (cm) 
length of yield row (cm) 



































































sxirface over 30 cm length of row from each of the four 
center rows and kept separate. In this manner four obser­
vations per plot were obtained. Composite plant samples 
were taken from the check plots, The second samples were 
taken at stage 6 on the date indicated in Table 3.5. At 
this sampling only the upper one third of the plants from 
four rows of 30 cm long was taken and composited. A third 
sampling was made when the plants were at stage 9 and before 
the bottom leaves had dropped» Composite samples of all 
above ground plant parts were taken from the four center 
rows. All plant samples were dried to constant wei^ t in a 
forced-air oven at ca 650. Only the wei^ ts of the first 
and third sampling rounds were recorded for dry matter 
production studies. The plant samples were then ground in 
a Wiley mill to pass throu^  a 20-mesh screen. The ground 
plant material was mixed thoroughly and 5-gram samples were 
weighed and formed into briquets according to the method of 
MacKenzie and Dean (1950). Another subs ample was taken and 
stored in stoppered glass bottles for chemical analysis. 
Maturity dates and lodging scores were recorded as 
described in Section 3.1. Yield tests were obtained from 
the four inner rows of the non-radioactive subplots. Table 
3.5 presents the total length of the yield rows. 
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Preparation of the labeled liquid fertilizers : 
Deep banding experiment: 36 liters of each ortho-
phosphoric acid fertilizer solution were prepared in poly­
ethylene jugs. 5136 millicurie of (June 25, 1970) 
in approximately 25 ml 1 N HCl was distributed in the fol­
lowing manner over three jugs containing solutions with 
different P concentrations^ . To achieve approximately 
equal specific acitivity in the three different solutions, 
4 ml of labeled phosphoric acid stock solution was added to 
the liquid fertilizer with the lowest P concentration, 12 ml 
to the fertilizer solution for the highest P concentration 
and 8 ml was added to the intermediate solution. The re­
maining tagged stock solution was devided between the jugs 
with the lowest and hi^ est P concentrations. The jugs were 
then brought up to 18 1 volume with the corresponding liquid 
fertilizer. Samples of the prepared solutions were taken for 
radiochemical analysis before and after their application in 
the field. 
Pneumatic deep placement experiment; The radio­
active liquid fertilizer utilized in this experiment was 
prepared from residual solutions left over from the deep 
2^ banding experiment. A p rtion of the remaining P 
T^he stock solution of in 1 N HCl was supplied 
by Sterling Forest Research Center, Tuxedo, E.Y. Ortho-
phosphoric acid was supplied by Tennessee Valley Authority. 
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solutions was diluted with water up to a volume of 38.2 
liters and stored in jugs. A total of 36 liters of this 
solution was used for the four plots receiving the P treat­
ment. 
3.4. Chemical Procedures 
Soil analysis for pH, P, and K were made on field 
moist soil samples hy the Iowa State University Soil Testing 
Laboratory. The soil analysis for N and the analyses for N, 
P, and K in plant tissues were performed in the Soil Fertil­
ity Laboratory, The radioactive determinations were done 
in the Radioactive Tracer Laboratory of the Agronomy Depart­
ment, Iowa State University. 
Chemical analysis ; 
Soil pH measurements were carried out in a 1 to 2 soil-
water suspension using a glass electrode. Mineral!zable H 
was estimated by determination of the content on an 
incubated and a unincubated soil sample by steam distilla­
tion (Zeeney and Bremner, 1966). Por the purpose of incuba­
tion 5 grams of soil in 10 ml water were placed in an in­
cubator at 40C -under water logged conditions for one week. 
P was extracted with the Bray No.l P extractant (0o03 N 
NE^ F in 0,025 N HCl) in a 1 to 10 dilution ratio (Hanway and 
Heidel, 1952). It was determined colorimetrically using an 
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ammonima molybdate solution and. a reducing agent made up 
of 1 -amino-2-naphth.ol-4-8ulfuric acid, sodium sulfite and 
sodium pyrosulfite. K was extracted in a 1 to 5 dilution 
rate with a 1 N ammonium acetate solution* It was deter­
mined in solution using a flame photometer with li as an 
internal standard. 
0,50 gram samples of oven dried (650) ground plant 
material were weired for plant tissue analysis and digested 
in 10 ml of coiling concentrated EgSO^  in the presence of 
39 mg Cu as a catalyst. When colorless, the digest was 
diluted to a final volume of 100 ml with deionized water. 
Total N content was determined by a method described 
by Bremner and Eeeney (1965). The from a 5 ml aliquot, 
made alkaline with NaOH, was transferred by steam distilla­
tion into boric acid. The amount of was determined by 
titration with EgSO^ . The P content was. determined colori-
me trie ally on a 5 ml aliquot by a vanado-molybdate method. 
This procedure, using EgSO^  for acidification, is a modifi­
cation of the method for P analysis originated by Kits on 
and Mellon (1944). The K content was determined on a 1.5 
ml aliquot by a digital flame photometer (IL 143)» using Li 
as an internal standard. 
The le^ emoglobin concentration was estimated spectro-
pho tome trie ally by a method used by deMooy and Pesek (1966). 
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1,00 gram samples of randomly selected nodules (fresh weight) 
were homogenized in 5 ml 0,1 N KOH with a mortar and pestle. 
The suspension was centrifuged for ten minutes at 10000 times 
the force of gravity. A 1,5 ml aliquot of the supernatant 
was mixed with 1 ml water and 0.5 ml 5 N ZOH. After reduc­
tion with 0,10 gram of NagSgO^  the optical density was 
determined at wave lengths of 537, 557, and 577 milli­
microns. Relative leghemoglobin concentrations (optical 
density units) were calculated as follows: OD 557 -
•|(0D 573 + OD 577). The advantage of this method is that 
leghemoglobin can be measured in turbid samples. It mea­
sures , however, relative concentrations rather than pro­
viding a measurement in absolute units. 
Radiochemical analysis : 
The procedure used for precipitation of P from plant 
material and from fertilizer solutions for radioactive assay 
was decribed by Black (1957). The P was separated from the 
materials in fertilizer and plants according a modification 
of a procedure for gravimetric P analysis and precipitated 
as magnesium ammonium phosphate. 
Radioactivity measurements were made using Victoreen 
Type 1B67 and Geiger tubes in conjunction with lîuclear-
Chicago Model 161-A scaling units. The activity of a 
mounted standard of a longlived isotope was determined at 
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the beginning and the end of every counting period and 
used to correct for variations in the detecting system, as 
suggested by Black (1957). 
The radioactivity of the plant samples was measured by 
direct counting from 5-gram briquets of the ground plant 
material. These were prepared using a metal mold and a 
laboratory press, according to the method of MacKenzie and 
Dean (1950). 
A "briquet factor" for converting the counting rate 
of the briquet to the counting rate of the standard form 
was determined by counting the activity of five briquets, 
regrinding each briquet, drying the plant material at 650, 
ashing 4 grams, precipitating the P, and measuring the 
activity of the five precipitates according to the procedure 
as pointed out by Black (1957). 
The specific activity of the liquid fertilizer was 
determined by precipitating the P in aliquots by the method 
described for the plant P. All precipitates were filtered 
off using Whatman No.42 filter paper mounted to a metal 
ring according to the method of MacKenzie and Dean (1948) 
and the activity of the precipitates was determined. 
When the counting was completed the P content of the 
precipitates was determined by dissolving the magnesium 
ammonium phosphate precipitate in 1 N HNO^  and analyzing 
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the resulting filtrate for P according to the method 
described for the plant samples, For this purpose a 50 ml 
aliquot was transferred from the 500 ml into a 100 ml volu­
metric flask and the solution was evaporated to dryness on 
a steam plate. After the volumetric flasks had cooled, the 
P was dissolved in 8 ml concentrated E^ SO^  and 50 ml 
deionized water. \7hen the volumetric flasks had reached 
room temperature, the solutions were diluted to volume with 
deionized water. A 5 ml aliquot of each of these solutions 
was used for colorimetric determination. 
3*5. Statistical Methods 
Analyses of variance : 
Analyses of variance of the data collected from large, 
randomized complete-block experiments (Snedecor and Cochran, 
1967; Steel and Torrie, I960) were calculated using standard 
analyses of variance programs (Cox, 1971) in use at the 
Statistical Numerical Analysis Laboratory at Iowa State 
University. 
The non-balanced character of the pneumatic deep place­
ment required the use of regression techniques. Hhe treat­
ment sum of squares of the analysis of variance was parti­
tioned into orthogonal comparisons of 1 degree of freedom 
each (Cox, 1971; Draper and Smith, 1966). 
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Response surfaces : 
The cause and response relationships between the fert­
ilizer treatments and various dependent variables were 
studied by statistical methods. The following linear 
statistical model, written in matrix notation, was assumed: 
Y = + u , 
where Y and are, respectively, n and p vectors, X is a 
n X p matrix of rank p<n, whose elements are input vari­
ables X. ., i = 1,.,,, n, 3 = 1,..., p, and u is a n vector 
of error. This permitted simple statistical procedures. 
In Deep Banding Experiment III, however, the split-plot 
nature of the design was recognized. As known from the 
analysis of variance table of a split-plot experiment, the 
whole-plot error, often designated as error a, was expected 
to be larger than the subplot error, error b. This fact 
and the occurrence of correlations among the observations 
belonging to the same whole-plot but different subplots 
violates the assumption of ordinary least square methods. 
They are in compact matrix notation: E(u) = 0 and 
E(uu') = c I, where I is an identity matrix. 
These conditions suggested the employment of general­
ized least squares, where the model is Y = XyS + u with the 
assumptions E(u.) = 0 and E(uu') = V. This leads to the 
fully efficient generalized least squares estimator of p: 
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} = (X' (3.1) 
If the matrix 7 is replaced hy its estimate V, the 
is consistent and asymptotically efficient. Recall that, 
if Y = X/Ô + Il and E(uu') = V, the transformation Z = TY = 
!EZ^ + dhi, where T satisfies E(3?uu*T') = TVT' =0"^ I, leads 
to the fully efficient generalized-least-sguares estimate 
in equation 3.1. 
Due to the large number of observations, however, the 
operation of inverting the covariance matrix V would be 
tedious. As suggested by Puller in 1965 and presented by 
Shih (1966), in this case the special form of V makes it 
possible to use a simple transformation. It then provides 
the generalized-least-squares estimates of the parameters 
employing an ordinary-least-squares regression computer 
program. 
The transformed observations are differences between 
the original observations and multiples of averages of 
subsets of observations. For instance, in the one-fold-
nested-error case of Deep Banding Experiment III: 
Zijkl = "^ ijkl " ^ i^ok. ' 
where Y. -, T = subplot observation and Y. -, = the observed 
mean observation over the subplots of observations n^  or: 
In the application of the theory of regression 
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analysis to the experimental data "uncertainty arose at 
times as to the number of independent variates to be includ­
ed in the final model. In general the sequential deletion 
method was employed in determining a suitable subset of 
independent variables. This method begins with the largest 
regression using the total set of variates in the model. 
Subsequently, it deletes one variate at a time until all 
variables remaining in the model are considered to have an 
agronomic value or are significant at a level of oc  ^0*25, 
as recommended by Kennedy and Bancroft (1971). 
Statistical procedures for the estimation of the reli­
ability of isoquants and predicted maximum production were 
developed, that were modifications of techniques proposed by 
Fuller (1962, 1972a). It basically consists of the regres­
sion of Y on predetermined values , Xg, ... x^ , , 
where is the column composed of n zeros v/ith -1 in the 
(n+1)-st rowo The value of the corresponding regression 
coefficient is the predicted value and its standard error 
is used to estimate the confidence interval. The confidence 
limits of the iso quants were evaluated by an iterative 
method. The iterations were ended when the improvement of 
the estimates of these limits could not be read from the 
graphs. 
Each level of significance, oc , or the probability of 
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Type I error is reported in this dissertation instead of 
using the arbitrarily choosen 1 or 5^  levels of significance 
to which statistical F and t tables are often limited. 
The probability levels were calculated by the computer, or 
estimated by a graphical interpolation procedure (Snedecor, 
1956), or computed by the employ of incomplete beta-function 
tables (Pearson, 1934) according to the method proposed by 
Swartzendruber (1961). 
Relative effectiveness of fertilization methods : 
One can consider methods of the classical biological 
assay to arrive at convenient summaries in the evaluation 
of the efficiency of methods of fertilizer application. 
Ultimately yields and other observations can be used in 
assessing the potency of the deep banding method (D) relative 
to the broadcast method (B) , that served as the standard. 
It is realized that different views might be taken of 
the philosophical problem posed by this evaluation of 
methods of fertilizer application. On the one hand one 
might object to the use of methods of biological assay on 
the basis that their use can lead to illusory results. 
Were this view to be adopted, however, few biological assays 
of any type would be made, as pointed out by Black and 
Scott (1956). On the other hand one might proceed, for 
practical purposes, to apply the classical approach to 
77 
imperfect situations found in practice. The latter alter­
native was adopted here with caution. 
An approach is to consider that deeply handed fertiliz­
er behaves as thou^  it is simply an apparent "dilution" of 
the "broadcast fertilizer. Ultimately in the deep "banding 
method the fertilizer was distri"buted within a larger volume 
of soil than the fertilizer in the "broadcast method. In 
other words the deep "banding method, that was to "be tested, 
dilutes the same active ingredient with an inert medium, 
the soil, as far as the responses are concerned. Generally 
speaking, that was the case for the lî and Z treatments. For 
P it was approximately the case, because it is generally 
accepted that the active P ingredient is the phosphate anion. 
For such a comparative dilution assay the statistical 
methods appropriate to analytical assay are useful (Pinney, 
1964). 
Thus for the two methods mentioned above, D and B, one 
can suppose that any pair of equivalent quantities of 
fertilizer is represented by Xjj and and that D "behaves as 
a dilution of B by a factor p , the relative efficiency. 
This implies that p Xjj = Xg for all possible pairs of 
quantities of fertilizer x^ , Xg. 
The relative efficiency can be determined from appro­
priate response curves obtained from application of fertil­
izers under comparable conditions. If the function relating 
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response (Y) to the rate of application (x) of the nutrient 
is: Y = fg(Zg) for "broadcast fertilizer, and 
Y = f^ (xjj) for deeply "banded fertilizer, 
then f ( Xjj ) = fg ( g x-Q ). 
When it seems unrealistic to assume that the responses 
decrease within the rate of nutrient application the con­
current straight line response procedure can be used, as 
developed by White et al. (1956). In order to condense and 
summarize experimental data the principles of this method 
were employed in an alternative procedure using multiple 
linear regression. The linear model used was: 
i^jk = a + b^  + + Gijk » 
where a = intercept, b^  = slope of the line for the i-th 
method of fertilizer application, = replicate effect and 
e^ j^^  = error of the observation Y^ T^he restriction was 
E R^  = 0. The advantage of the common intercept is that 
one is assured that the regression coefficients (b^ ) are 
valid expressions of the effectiveness. The relative 
efficiency p is estimated by bjj/b^ j where subscript B re­
fers to the broadcast method and subscript D to the deep 
banding method. Analogous to the procedure presented by 
White et al. (1956) the standard error of  ^is estimated 
by V Var( ^ ), where : 
Var ( g ) =  ^ * 9 Cgg) 
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2 
with s as the error mean square of the analysis of variance 
and the C's as elements of the inverse matrix. 
The desirability of multiple rates of fertilizer evalu­
ation has been pointed out hy Terman, Bouldin, and Webb 
(1962). They stressed the advantages of using regression 
techniques over the point estimate approach. In this way a 
single coefficient is obtained that is independent of the 
rate. 
Concurrent curves need to be employed in cases where 
fertilizer rates extend up to excessive levels where de­
creases of yield may occur. The concurrent Mitscherlich 
curves, proposed by White et al. (1956), were considered 
but were in some instances not applicable. This was because 
the concurrent Mitscherlich model failed to describe detri­
mental effects of excessive levels of fertilizers. There­
fore the following procedure was developed. 
Assumptions in the estimation of the relative efficien­
cy of the methods of fertilizer application were that correct 
placement may give greater yields from a given quantity of 
fertilizer and that the yield obtained with the two place­
ment methods approach the same limiting value. Furthermore 
it was assumed that a model derived from a second degree 
polynomial would adequately approximate the data. Super­
imposing the restriction that both methods of fertilizer 
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application, D and B, have the same intercept (a), the con­
current curvilinear regression model relating the mean 
response (Y) to the rate of application (x^ ) of the i-th 
nutrient, neglecting the error term, is: 
Yjj = a +  ^ 3^^ D2 D^4^ 2^  
(3.2) 
Yg = a + + "^ 32^ 51 + ^ B3^ 2 B^4^ 2 B^5^ 1^ 2 
(3.3) 
With = X and first equation (3.2) 
"becomes: 
Yjj = a + X ^ 31 + ^ 32% ^ 1 B^3^ 2 B^4°^  ^ 2 
bg^ ct ^ Xg^ Xg2 » where hg^ , hgg* b^5 partial 
regression coefficients and and oc. are the efficiency-
factors for the nutrients x^  and X2, respectively, This 
results in non-linearity in some regression parameters in 
the model. For fitting such a partially non-linear func­
tional model, the computer program "iEAESIER" was employed. 
This program requires the first derivatives of the. func­
tional model. They were used in a modified Gauss-Newton 
method, which is an iterative procedure developed by 
Hartley (1961) and implemented "by Atkinson (1966). 
The variance of the iterated partial regression coeffi­
cients » bgg) •••» bg^  and the efficiency factors y and 
oi are estimated by the diagonal components of the matrix 
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(P'P)"''cj where scalar cr^  is an estimate of the error 
variance and (P*?)"'' is the inverse of the matrix. 
This latter matrix contains the sum of squares and cross 
products of the first derivatives of the concurrent curvi­
linear regression model with respect to each parameter, 
evaluated at the estimated value of the regression coeffi­
cients and efficiency factors, and for all the observed 
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Pigure 3.4. Schematic diagram illustrating the response 
curve of a standard fertilization method and 
the response curves of two fertilization meth­
ods that are to be tested having different 
values for the efficiency coefficient X  ^
the case of only one nutritional factor x. 
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RESULTS 
4.1. Deep Banding Experiment I, 1969 
The fertilizer treatments in this 2x3x3x3 
factorial experiment included combinations of 0, 101, and 
560 kg/4ia of N; 0, 50, and 504 kg/ha of P; and 0, 84, and 
560 kg/ha of K. Deep "banding treatments consisted of split 
applications in which approximately one-half of the fertil­
izer was "banded approximately 51 cm "below the soil surface 
and the other half was incorporated in the plow layer 
(ta'ble 3.1). On other plots the same fertilizer combina­
tions were all broadcast and plowed under. The grain yield 
was lost a few days before harvest when a severe hail storm 
shattered the beans from a hi^  percentage of the pods. 
Effects of deeply banded and broadcast F, P, and K fertil­
izers on growth characteristics of soybeans : 
Dry matter production at growth stage 9 was influenced 
the most by P fertilization, as the data in Table 4.1 show. 
The growth response to 504 kg P/ha was 0*79 ton/ha, a 
highly significant 14^  increase (Table 4.2). Potassium 
fertilization also significantly increased dry matter 
accumulation. The largest response of 0,36 ton/ha (6$S 
growth increase) was to 84 kg E/ha, whereas the response to 
560 kg E/ha was only 0.31 ton/ha. Nitrogen fertilization 
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Table 4.1. Dry matter production at growth stage 9, as 
affected "by IT, P, and K fertilizers averaged 
over all other treatments, Deep Banding 
Experiment I, 1969 
IT rates Dry matter P rates Dry matter K rates Dry matter 
(kg/ha) (tons/ha) (kg/ha) (tons/ha) (kg/ha) (tons/ha) 
0 6.19 0 5.85 0 6.07 
101 6.23 50 6.39 84 6.43 
560 6o45 504 6.64 560 6.38 
LSjf- 0.27 LSD^  0o27 LSD^  0.27 
e^ast significant difference at the 0.05 level of 
probability. 
tended to increase dry matter production and its effect was 
significant at the 0.12 level of probability. 
The average dry matter production on the deeply 
fertilized plots was 6.33 tons/ha, compared to 6.25 tons/ha 
on plots that had received broadcast fertilizers. This 
difference was not significant and method of application 
(M) did not interact significantly with N, P, or E 
(Table 4.2). 
Maturity (95^  of pods brown) of "Hark" soybeans in 
this experiment was not reached until September 23 on the 
control plots due to the wet fall of 1969. The analysis 
of variance of the maturity data indicated that deeply 
fertilized soybeans matured almost one day earlier than 
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Table 4.2. Analysis of variance of the data of dry matter 
production of "Hark" soybeans at growth stage 
9, Deep Banding Experiment I, 1969 
Sources of variation Degrees of Mean squares Probability 
freedom " levels 
Replicates 3 1.956 0.46 
Method of fertilizer 
placement (M) 1 0.371 0.67 
Error a 3 1.715 
U 2 1.435 0.12 
P 2 11.758 < 0.01 
KB 4 0.880 0.26 
K 2 2.714 0.02 
UK 4 0.062 0.98 
PE 4 0.446 0.62 
NPE 8 0.840 0.26 
m 2 0.813 0.30 
MP 2 0.064 0.91 
MNP 4 0.483 0. 58 
MK 2 0.955 0.24 
mz 4 0.483 0.58 
MPK 4 0.426 0.64 
MNPE 8 1.159 0.09 
Error b 156 0.664 
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Table 4.3 • Average dry matter production of "Hark" soy­
beans at growth stage 9, as influenced ."by the 
rates of N, P, and K fertilizers and method of 
application, Deep Banding Experiment I, 1969 
Rates of Rates of Methods of Rates of P (kg/ha) Means 
R (kg/ha) Z (kg/ha) application 0 50 504 
Dry matter production (tons/ha) 
0 0 Deep 5.43 6.19 6.29 5.93 
0 0 Broadcast 6,06 5.41 6.62 6.03 
101 0 Deep 5.46 5.61 6.81 5.96 
101 0 Broadcast 5.72 6.66 5.87 6.08 
560 0 Deep 6.35 6.44 6.51 6.43 
560 0 Broadcast 5.69 6.41 5.76 5.95 
Means Deep 5.75 6.08 6.53 6.11 
Means Broadcast 5.83 6.16 6.08 6.02. 
0 84 Deep 5.51 6.36 7.10 6.33 
0 84 Broadcast 6.27 6.16 6.74 6.39 
101 84 Deep 6.02 7.04 5.74 6.27 
101 84 Broadcast 5.75 6.68 6.73 6.38 
560 84 Deep 6.21 6.12 7.08 6.47 
560 84 Broadcast 6.02 6.58 7.65 6.75 
Means Deep 5.92 6.51 6.64 6.35 
Means Broadcast 6.01 6.47 7.04 6.51 
0 560 Deep 5.72 6.35 7.09 6.39 
0 560 Broadcast 5.40 6.42 6o34 6.05 
101 560 Deep 5.93 6.56 6.38 6.29 
101 560 Broadcast 6.19 6.52 6.52 6.41 
560 560 Deep 6.07 7.39 7.27 6.91 
560 560 Broadcast 5.48 6.14 7.00 6.21 
Means Deep 5.91 6.77 6.91 6.53 
Means Broadcast 5.69 6.36 6.62 6.22 
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soybeans that had received broadcast fertilizers. The 
difference was significant at the 0.06 level. 
Lodging was significantly influenced by the mean 
effects of ÎT and P fertilization. a few days before harvest. 
Hi^  rates of N increased the lodging score by 0.2 of a 
unit and high rates of P increased the lodging score by 0,4 
of a "unit. 
Effects of deeply banded and broadcast N, ?, end K fertil­
izers on the N accumulation by soybeans : 
Nitrogen fertilization increased the N accumulation by 
soybeans proportionally to the fertilization rate as shown 
in Table 4.4. The N accumulation was highly significantly 
Table 4.4. Nitrogen accumulation by soybeans, as affected 
by R, P, and K fertilizers averaged over all 
other treatments, Deei) Banding Experiment I, 
1969 
N rates K" yield P rates N yield K rates E yield 
(kg/ha) (kg/ha) (kg/ha) (kg/ha) (kg/ha) (kg/ha) 
0 191 0 190 0 201 
101 201 50 208 84 209 
560 222 504 216 560 204 
LSL^  10 LSD& 10 LSD^  10 
L^east significant difference at the 0.05 level of 
probability. 
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Table 4.5» Analysis of variance of the data of E accumu­
lation by "Hark" soybeans at growth stage S, 
Beep Banding Experiment I, 1969 
Sources of variation Degrees of Mean squares Probability 
freedom levels 
Replicates 3 2174 0.89 
ilethod of fertilizer 
placement (M) 1 12 0.98 
Error a 3 11237 
K 2 18507 < 0.01 
P 2 13681 < 0.01 
2ÎP 4 522 0.69 
K 2 1047 0.32 
m 4 1020 0.35 
PK 4 1165 0.28 
IÎPK 8 1188 0.25 
m 2 364 0.68 
MF 2 32 0.97 
MP 4 346 0.83 
ME 2 1775 0.15 
MKK 4 275 0.88 
MPK 4 351 0.82 
mPK 8 1859 0.05 
Error b 156 918 
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Table 4.6 . Average accumulation of N by "Hark" soybeans at 
growth, stage 9» as influenced .by the rates of N, 
P, and K fertilizers and method of application, 
Deep Banding Experiment I, 1969 
Rates of Rates of Methods of Rates of P (kg/ha) Means 
N (kg/ha) K (kg/ha) application D pO 504 
Accumulation of I? (kg/ha) 
0 0 Deep 167 184 191 181 
0 0 Broadcast 191 163 214 190 
101 0 Deep 173 196 232 200 
101 0 Broadcast 196 220 204 207 
560 0 Deep 228 208 217 218 
560 0 Broadcast 200 233 204 212 
Means Deep 189 196 213 199 
Means Broadcast 196 205 208 203 
0 84 Deep 176 _ 185 217 193 
0 84 Broadcast 201 209 200 203 
101 84 Deep 189 218 179 195 
101 84 Broadcast 181 201 212 198 
560 84 Deep 219 220 244 228 
560 84 Broadcast 209 229 269 236 
Means Deep 195 208 214 205 
Means Broadcast 197 213 227 212 
0 560 Deep 175 199 216 183 
0 560 Broadcast 159 198 191 196 
101 560 Deep 187 215 210 204 
101 560 Broadcast 186 207 212 202 
560 560 Deep 188 253 249 230 
560 560 Broadcast 188 212 232 211 
Means Deep 183 222 225 210 
Means Broadcast 177 206 212 198 
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increased "by 10 kg ïï/ha and 31 kg E/ha at fertilizer rates 
of 101 kg/ha and 560 kg/ha of N, respectively (Table 4.5). 
Fertilization with P also highly significantly increased 
the If accumulation. Responses in If accumulation to 50 and 
504 kg/ha of P were 18 and 26 kg/ha of K", respectively. 
Fertilization with K had no significant effect on the ÎT 
accumulation and method of fertilizer placement (M) did not 
interact significantly with N, P, or E rates. The 
M X N X P X K interaction was significant at the 0.05 level, 
indicating that the effect of the E x P x E interaction was 
dependent on the placement method. Its effects are reflec­
ted in the data presented in Table 4.6. 
Effects of deeply banded and broadcast N, P, and K fertil­
izers on the P accumulation by soybeans : 
The accumulation of P by soybeans on plots that were 
deeply fertilized was on the average 17.6 kg/ha. That was 
2.8 kg/ha of P less than the accumulation by soybeans that 
had received broadcast fertilizers and this difference was 
significant at the 0.06 level of probability (Table 4.8). 
Phosphorus fertilization raised the P accumulation 
proportionally to the rates of P, as shown in Table 4.7. 
Positive responses amounted to 3»5 kg/ha and 13 kg/ha of P 
to 50 kg/ha and 504 kg/ha of P, respectively. The analysis 
of variance in Table 4.8 indicated that these differences 
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Table 4.7. Phosphorus accumulation "by "Hark" soybeans, as 
affected by N, P, and E fertilizers averaged 
over all other treatments, Deep Banding Experi­
ment I, 1969 
H rates P yield P rates P yield K rates P yield 
(kg/ha) (kg/ha) (kg/ha) (kg/ha) (kg/ha) (kg/ha) 
0 18.6 0 13.6 0 17.8 
101 19.0 50 17.1 84 19.9 
560 19.7 504 26.6 560 19.5 
3LSD^  1.1 LSD^  1.1 LSD^  1.1 
L^east significant difference at the 0.05 level of 
significance. 
were highly significant. Plant uptake of P from broadcast 
rates of 50 and 504 kg/ha of P was 1.5 and 7.0 kg/ha greater 
than from equivalent rates deeply banded. These differences 
were highly significant, as indicated by the M x P interac­
tion. 
Fertilization with K highly significantly enhanced P 
uptake but the increases were not proportional to the rates 
of E. Deep banding of E reduced this positive effect of E 
on P accumulation and the M x E interaction was significant 
at the 0.06 level. 
The P X E and the IT x P x E interactions were both 
significant. The response to hi^  rates of P without E was 
10,7 kg P/ha, but the response was 13.6 kg P/ha when 560 kg 
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Table 4.8. Analysis of variance of the data of P accunru-
lation by "Hark" soybeans at growth stage 9» 
Deep Banding Experiment I, 1969 
Sources of variation Degrees of Mean squares Probability 
freedom " levels 
Replicates 3 72.83 0.41 
Method of fertilizer 
application (M) 1 460.25 0.06 
Error a 3 55.27 
K 2 23.42 0.12 
P 2 3261.41 < 0.01 
HP 4 10*90 0.59 
Z 2 89.27 < 0.01 
HE 4 8.95 0.52 
PK 4 28.26 0.04 
HPE 8 22.55 0.04 
m 2 2.80 0.78 
MP 2 237.38 <0.01 
mp 4 7.61 0.60 
ME 2 31.77 0.06 
MHE 4 8.37 0.55 
MPK 4 12.76 0.33 
MKPE 8 20.38 0.07 
Error b 156 10.97 
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Table 4.9. Average accumulation of P by "Hark" soybeans at 
growth stage 9, as influenced.by the rates of N, 
P, and K fertilizers and method of application, 
Deep Banding Experiment I, 1969 
Rates of Rates of Methods of Rates of P (kg/ha) Means 
rr (kg/ha) K (kg/ha) application 0 5^  504 
Accumulation of P (kg/ha) 
0 0 Deep 12.3 14.3 20.3 15.7 
0 0 Broadcast 14.3 13.8 29.8 19.3 
101 0 Deep 12.9 14.1 23.1 16.7 
101 0 Broadcast 13.5 18.3 27.1 19.3 
560 0 Deep 14.1 15.7 20.9 16.9 
560 0 Broadcast 13.4 19.3 23.7 18.8 
Means Deep 13.1 14.7 21.4 16.4 
Means Broadcast 13.7 17.1 26.9 19.2 
0 84 Deep 12.9 16.4 24.6 18.0 
0 84 Broadcast 16.4 17.7 30.5 21.5 
101 84 Deep 13.4 17.7 20.5 17.2 
101 84 Broadcast 13.6 17.9 32.2 21.2 
560 84 Deep 14.1 15.7 24.9 18.2 
560 84 Broadcast 12.5 20.0 38.0 23.5 
Means Deep 13.5 16.6 23.3 17.8 
Means Broadcast 14.2 18.5 33.5 22.1 
0 560 Deep 13.7 17.1 24.2 1§'3 
0 560 Broadcast 11.Ô 17.8 26.8 18.8 
101 560 Deep 14.8 16.9 22.4 18.0 
101 560 Broadcast 14.3 17o9 31.1 21.1 
560 560 Deep 13.0 19.6 26.7 19.8 
560 560 Broadcast 13.0 18.5 32.0 21.1 
Means Deep 13.8 17.9 24.4 18.7 
Means Broadcast 13.0 18.1 29.9 20.3 
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K/ha was also applied. The N x P x K interaction was 
positive and its effect is reflected in the data of Table 
4.9. 
Effects of deeply banded and broadcast E, P, and K fertil­
izers on the K accumulation by soybeans : 
Potassium accumulation by soybean plants increased 
with increasing rates of applied Z (Table 4.10). Rates of 
84 and 560 kg E/ha hi^ ly significantly increased the 
average E accumulation by 23 and 47 kg/ha, respectively. 
Pertilization with P also increased the accumulation 
of Z and this effect was highly significant, as shown in 
Table 4.11. The positive effect of W on E uptake was only 
significant at the 0.10 level. 
Table 4.10. Potassium accumulation by "Hark" soybeans, as 
affected by N, P, and E fertilizers averaged 
over all other treatments, Deep Banding Experi­
ment I, 1969 
N rates E yield P rates E yield E rates E yield 












LSD^  5 
l^east significant difference at the 0.05 level of 
significance. 
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Table 4.11. Analysis of variance of the data of E accmrru-
lation by "Hark" soybeans at growtb. stage 9» 
Deep Banding S^ eriment I, 1969 
SoTarces of variation Degrees of Mean, squares Probability 
freedom levels 
Replicates 3 1027 0.48 
Method of fertilizer 
application (M) 1 10295 0.04 
Error a 3 951 






P 2 3525 < 0.01 
KP 4 61 0.92 
E 2 39414 < 0.01 
EK 4 164 0.65 
PE 4 387 0.22 
NPS 8 98 0.93 
m 2 418 0.21 
MP 2 194 0.51 
MNP 4 53 0.94 
ME 2 2264 < 0.01 
MUE 4 25 0.98 
MEE 4 41 0.96 
MFPE 8 174 0.73 
Error b 156 265 
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Table 4.12. Average accumulation of K by "Hark" soybeans at 
growth stage 9» as influenced ."by the rates of N, 
P, and K fertilizers and method of application, 
Deep Banding Experiment I, 1969 
Rates of Rates of Methods of Rates of P (kg/ha) Means 
N (kg/ha) E (kg/ha) application 0 50 504 
Accumulation of K (kg/ha) 
0 0 Deep 41 45 55 48 
0 0 Broadcast 47 41 54 47 
101 0 Deep 40 39 49 43 
101 0 Broadcast 42 53 55 50 
560 0 Deep 53 52 54 52 
560 0 Broadcast 47 45 55 49 
Means Deep 45 46 53 48 
Means Broadcast 45 46 55 49 
0 84 Deep 49 61 68 59 
0 84 Broadcast 67 74 77 73 
101 84 Deep 61 75 56 64 
101 84 Broadcast 75 89 96 87 
560 84 Deep 61 62 69 64 
560 84 Broadcast 75 79 90 81 
Means Deep 57 66 64 63 
Means Broadcast 72 81 88 80 
0 560 Deep 72 82 88 80 
0 560 Broadcast 86 105 114 103 
101 560 Deep 72 85 92 82 
101 560 Broadcast 107 105 121 111 
560 560 Deep 73 93 98 88 
560 560 Broadcast 94 101 124 106 
Means Deep 72 86 93 84 
Means Broadcast 96 103 119 106 
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Soybeans growing on deeply fertilized plots had accu­
mulated on the average 65 kg K/ha at growth stage 9> which 
was 13 kg/ha less than the amount accumulated by soybeans 
that had received broadcast fertilizers (Table 4.12) This 
difference was significant at the 0.04 level. 
The M X EI interaction was highly significant. Soybeans 
fertilized with 84 kg/ha of broadcast K accumulated 80 kg/ha 
of E, or 17 kg/ha more than when the same rate of Z was 
deeply banded. This difference increased at the higher rate 
of E. On plots fertilized with 560 kg/ha of broadcast K, 
soybeans accumulated 106 kg E/ha, which was 22 kg/ha more 
than soybeans on plots with the same rate of deeply banded 
E assimilated. 
4.2. Deep Banding Experiment II, 1970 
Fertilizer treatments imposed in this 2x3x3x3 
factorial deep banding experiment consisted of combinations 
of 0, 120, and 672 kg/ha of N; 0, 50, and 504 kg/ha of P; 
and 0, 101, and 672 kg/ha of E. The deeply fertilized 
plots received split applications in which one half of the 
rate was banded at approximately 51 cm depth and the other 
half was incorporated in the plow layer. On other plots 
the same fertilizer combinations were all broadcast and 
plowed under. 
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Effects of deeply "banded and broadcast N, P, and E fertil­
izers on grain yield of soybeans ; 
Grain yield data, presented in Table 4,13, indicate 
that the supply of IT as well as that of P and E limited 
grain yield of the soybean variety "Hark" on the control 
plots. The analysis of variance of the yield data in Table 
4.14- shows that the yield responses of 202 kg/ha to IT 
fertilization and 295 kg/ha to 50 kg/ha of P were highly 
significant. The response of 150 kg/ha of grain to 101 
kg K/ha. was the smallest of the responses from the three 
macronutrients investigated and was significant at the 0,06 
level of probability. 
The interactions of N, K, and N x E with P were 
Table 4.13. Grain yields of "Hark" soybeans, as affected 
by E, P, and K fertilizers averaged over all 
other treatments, Deep Banding Experiment II, 
1970 
N rates Yield P rates Yield E rates Yield 
(kg/ha) (kg/ha) (kg/ha) (kg/ha) (kg/ha) (kg/ha) 
0 3159 0 3135 0 3197 
121 3361 50 3430 101 3347 
672 3361 504 3316 672 3337 
LSD^  68 I3D& 68 LSD^  135 
e^ast significant difference at the 0.05 level of 
significance. 
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Table 4.14. Analysis of variance of grain yield data as 
affected by method of application of K, P, and 
K fertilizers, Deep Sanding Experiment II, 1970 
Sources of variation Degrees of Mean squares Probability 
freedom levels 
Eeplicates 3 548593 0.05 
K 2 504942 0.06 
Error a 6 109677 
F 2 975995 < 0.01 
P 2 1591027 < 0.01 
BP 4 179531 < 0.01 
m 4 79078 0.12 
PE 4 136980 0.02 
IÎPK 8 104478 0.02 
Error b 72 42151 
Method of fertilizer 
placement (M) 1 549454 < 0.01 
m 2 512324 < 0.01 
MP 2 733644 < 0.01 
MÎP 4 47206 0.31 
m 2 104250 0.07 
mz 4 82095 0.09 
IffiK 4 195784 < 0.01 
MPS 8 52152 0.24 
Error c 81 39039 
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TalDle 4*1$. Grain yields of "Hark" soybeans averaged over 
the method of fertilizer placement, Deep 
Banding Experiment II, 1970 
Rates of Rates of Rates of P (kg/ha) Means 
N (kg/ha) K (kg/ha) 0 5^  504 
' Grain yields (kg/ha) 
0 0 3117 3280 2819 3072 
121 0 3073 3260 3274 3203 
672 0 3046 3565 3339 3317 
Means 3079 3368 3144 
0 101 2994 3296 3284 3192 
121 101 3088 3661 3541 3430 
672 101 3254 3558 3446 3420 
Means 3112 3505 3424 
0 672 3192 3234 3215 3214 
121 672 3276 3511 3565 3451 
672 672 3172 3501 3363 3345 
Means 3213 3415 3381 
significant. Nitrogen fertilization decreased yields in 
the absence of P and K fertilizers, but increased yields 
when P, E, or P and Z were also applied (Table 4.15). In­
versely, hi^  rates of 504 kg P/ha with no F and K decreased 
yields, whereas it had a positive effect when N was also 
applied. 
Deeply banded fertilizers produced on the average a 
hi^ er grain yield than broadcast fertilizers did. The 
average difference of 101 kg/ha grain was highly signifi­
cant. The interactions between the method of fertilizer 
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Table 4.16. Average grain yield of "Hark" soybeans, as 
influenced by the rates of N, ?, and K fertil-
izers and method of application, Deep Banding 
Experiment II, 1970 
Rates of Rates of Methods of Rates of P (kg/ha) Means 
F (kg/ha) E (kg/ha) application C 50 504 
Grain yield (kaAia) 
0 0 Deep 3202 3245 2916 3121 
0 0 Broadcast 3033 3314 2722 3023 
121 0 Deep 3230 3129 3221 3193 
121 0 Broadcast 2916 3390 3327 3211 
672 0 Deep 3250 3446 3566 3421 
672 0 Broadcast 2843 3685 3111 3213 
Means Deep 3227 3274 3234 3245 
Means Broadcast 2930 3463 3054 3149 
0 101 Deep 2870 3191 3311 3124 
0 101 Broadcast 3119 3401 3257 3259 
121 101 Deep 2945 3676 3707 .3419 
121 101 Broadcast 3231 3645 3374 3443 
672 101 Deep 3257 3540 3749 3515 
672 101 Broadcast 3252 3575 3144 3324 
Means Deep 3024 3469 3589 3361 
Means Broadcast 3201 3541 3258 3333 
0 672 Deep 3194 3095 3464 3251 
0 672 Broadcast 3190 3373 2966 3177 
121 672 Deep 3212 3483 3622 3462 
121 672 Broadcast 3339 3540 3508 3439 
672 672 Deep 3378 3677 3710 3589 
672 672 Broadcast 2966 3324 3015 3102 
Means Deep 3165 3418 3599 3426 
Means Broadcast 3262 3412 3164 3247 
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application (M) and N, P, and îf x P were highly signifi­
cant (Table 4.14), Soybeans fertilized with 121 kg/ha of 
broadcast N yielded a non-significant 5.1 kg/ha of grain 
more than soybeans on the deeply fertilized plots. îhe 
672 kg/ha rate of broadcast K", however, resulted in yields 
that were highly significantly lower (295 kg grain/ha) than 
yields on corresponding deeply banded plots. 
Similarly with the M x P interaction, 50 kg/ha of 
broadcast P resulted in grain yields that were 85 kg/ha 
higher than the yields of soybeans that were deeply fertil­
ized with the same rate of P. But, when a rate of 505 kg 
P/ha was deeply banded, srields were highly significantly 
greater (316 kg grain/ha) than the yields of soybeans that 
had received the same rate of broadcast P. 
Soybeans fertilized with 672 kg/ha of deeply banded K 
yielded 179 kg/ha more than soybeans fertilized with the 
same rate of broadcast fertilizer and the M x E interaction 
was significant at the 0,07 level. Deep banding of 504 kg 
of P/ha with 672 kg of K/ha, resulted in yields that were 
highly significantly greater (436 kg grain/ha) than those 
obtained with the same rates of broadcast fertilizers. 
Effects of deeply banded and broadcast F, P, and K fertil­
izers on growth characteristics of soybeans; 
Plant dry matter production at the full bloom stage 
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Table 4.17. Dry matter production at growth stage 5> as 
affected "by N, ?, and K fertilizers averaged 
over all other treatments, Deep Banding Experi­
ment IIJ 1970 
E rates Dry matter P rates Dry matter Z rates Dry matter 
(kg/ha) (tons/ha) (kg/ha) (tons/hâ) (kg/ha) (tons/ha) 
0 5.11 0 5.05 0 5.15 
121 5.37 50 5.22 101 5.35 
672 5.18 504 5.39 672 5.16 
ISD^  Oo23 ISD^  0.23 ISD^  0.49 
e^ast significant difference at the 0.05 level of 
probability. 
was significantly enhanced by P fertilization, as illus­
trated by the data in Table 4.17. Nitrogen or K did not 
exert a significant influence on dry matter accumulation, 
whereas a rate of 504 kg/ha of P increased the average dry 
matter production by 1% (0,34 ton). 
The analysis of variance in Table 4.18 indicated that 
the only other factor which significantly affected dry 
matter production was the IT x P x K interaction. Growth 
responses to P were dependent on the rates of K and K. The 
highest average dry matter production was observed at a 
rate of 504 kg P/ha, but with a fertilization of 121 kg/ha 
of N and 101 kg/ha of K. This was a 24$^  (1.17 ton/ha) 
growth response, as shown by the means in Table 4.19. 
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Table 4,18. Analysis of variance of the data of dry matter 
production of "Hark" soybeans at growth stage 
5» Deep Banding Experiment II, 1970 
Sources of variation Degrees of Mean squares Probability 
freedom levels 
Eeplicates 3 2.318 0.29 
K 2 0.859 0.59 
Error a 6 1.461 
N 2 1.307 0.08 
P 2 2.007 0.02 
KB 4 0.583 0.33 
KZ 4 0.476 0.56 
PK 4 1.075 0.08 
NPK 8 1.182 0.02 
Error b 72 0.495 
Method of fertilizer 
placement (M) 1 0.558 0.29 
m 2 0.889 0.16 
MP 2 0.295 0.55 
MNP 4 0.661 0.25 
MK 2 0.759 0.21 
MHZ 4 0.293 0. 66 
MPZ 4 0.351 0.58 
MNPK 8 0.659 0.22 
Error c 81 0.483 
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Table 4.I9. Average dry matter production of "Hark" soy­
beans at growth stage 5, as influenced by the 
rates of N, P, and K fertilizers and method of 
application. Deep Banding Experiment II, 1970 
Bates of Bates of Methods of Rates of P (kg/ba) Means 
E (kg/ha) K (kg/ha) application 5 50 504 
Dry matter production (tons/ha) 
0 0 Deep 4.70 5.07 4.79 4.85 
0 0 Broadcast 5.03 4.75 5.25 5.01 
121 0 Deep 5.59 5.36 5.23 5.39 
121 0 Broadcast 5.70 5.40 4.83 5.31 
672 0 Deep 5.00 5.79 4.79 5.19 
672 0 Broadcast 4.71 5.24 5.49 5.15 
Means Deep 5.10 5.40 4.94 5.15 
Means Broadcast 5.15 5.13 5.19 5.16 
0 101 Deep 5.03 5.96 5.17 5.39 
0 101 Broadcast 5.24 5.20 5.93 5.46 
121 101 Deep 4.97 4.76 5.81 5.18 
121 101 Broadcast 5.75 4.75 6.25 5.58 
672 101 Deep 5.08 5.51 5.72 5.44 
672 101 Broadcast 3.98 5.67 5.46 5.04 
Means Deep 5.03 5.41 5.57 5.34 
Means Broadcast 4.99 5.21 5.88 5.36 
0 672 Deep 4.82 5.13 5.22 5.06 
0 672 Broadcast 5.00 4.71 5.02 4.91 
121 672 Deep 5.51 5.47 5.52 5.50 
121 672 Broadcast 4.62 5.65 5.51 5.26 
672 672 Deep 5.37 4.92 6.04 5.44 
672 672 Broadcast 4.84 4.69 4.91 4.81 
Means Deep 5.24 5.17 5.59 5.33 
Means Broadcast 4.82 5.02 5.15 5.00 
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Maturity (95^  of pods brown) of "Hark" soybeans in 
this experiment was not reached "until September 26 on the 
control plots due to the wet fall of 1970. The maturity 
data were highly significantly influenced by N, P, and the 
K X P interaction. The high rate of 672 kg/ha of N delayed 
maturity by two days, whereas 504 kg/ha of P advanced the 
maturity by one day. The effect of P on maturity was de­
pendent on N fertilization. P advanced maturity by two 
days when no N was applied, but P had practically no effect 
on maturity when N was supplied at a rate of 672 kg/ha. 
On the average, deep placement of fertilizers highly 
significantly advanced the maturity date by one day as 
compared to broadcasting of fertilizers. The hi^ ly 
significant M x IT interaction indicated that soybeans fer­
tilized with 672 kg/ha of broadcast N matured one day later 
than soybeans that were fertilized with 672 kg/ha of deeply 
banded IT. 
Lodging at harvest maturity was highly significantly 
increased by an estimated score of 1,1 unit as a result of 
fertilization with 672 kg/ha of IT. P fertilization also 
highly significantly increased the lodging score by 0.5 
unit. Deep banding of fertilizers highly significantly 
reduced the lodging score by 0,5 unit. 
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Effects of deeply banded and "broadcast N, P, and K fertil­
izers on the nimiber of nodules of soybeans ; 
The number of nodules per five soybean plants was 
drastically reduced by N fertilization as shown in Table 
4.20. Bates of 672 kg K/ha decreased their number by 53$^ . 
Inversely, fertilization with 504 kg/ha of P increased 
nodulation by 365S (32 nodules). Table 4.21 shows that the 
effects of N and P were both highly significant. 
The positive effect of Z on nodulation was dependent 
upon N, as indicated by the significant N x K interaction. 
Fertilization with 101 kg/ha of K without N enhanced 
nodulation by 28 nodules per five soybean plants, but had 
practically no effect when the rate of K was applied with 
672 kg N/ha (Table 4.22). 
Table 4.20. Nodule number per five soybean plants at growth 
stage 6, as affected by IT, P, and K fertilizers 
averaged over all other treatments, Deep 
Banding Experiment II, 1970 
F rates Nodule P rates Nodule K rates Nodule 
(kg/ha) numbers (kg/ha) numbers (kg/ha) numbers 
0 138 0 89 0 101 
121 104 50 98 101 105 
672 65 504 121 672 102 
ISD^  17 LSD^  17 ISI>^  27 
e^ast significant difference at the 0.05 level of 
probability. 
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Table 4» 21. Analysis of variance of the data of nodule 
numbers per 5 soybean plants at growth stage 
6, Deep Banding Experiment II, 1970 
Sources of variation Degrees of Mean squares Probability 
freedom levels 
Replicates 3 17089 0.07 
K 2 276 0.94 
Error a 6 4272 
IÎ 2 96338 < 0.01 
P 2 19300 < 0.01 
NP 4 1316 0,74 
m 4 8085 0.02 
PK 4 722 0.90 
EPE 8 2858 0.39 
Error b 72 2663 
Method of fertilizer 
placement (M) 1 25393 < 0.01 
MR 2 4212 0.13 
MP 2 752 0.70 
irorp 4 1666 0.52 
MK 2 1837 0.59 
MNK 4 3614 0.14 
MPK 4 513 0.91 
MFPK 8 2518 0.29 
Error c 81 2028 
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Table 4.22. Average number of nodules per five soybean 
plants at growth stage 6, as influenced "by the 
rates of E, P, and K fertilizers and method of 
application, Deep Banding Experiment II, 1970 
Rates of Rates of Methods of Rates of P (kg/ha) Means 
K (kg/ha) E (kg/ha) application 0 50 504 
number of nodules 
0 0 Deep 150 120 138 136 
0 0 Broadcast 84 133 147 121 
121 0 Deep 115 118 134 122 
121 0 Broadcast 62 104 104 89 
672 0 Deep 54 80 145 93 
672 0 Broadcast 27 25 77 43 
Means Deep 106 106 139 117 
Means Broadcast 58 87 109 85 
0 101 Deep 147 169 190 169 
0 101 Broadcast 141 152 141 144 
121 101 Deep 111 133 143 129 
121 101 Broadcast 70 111 105 95 
672 101 Deep 49 39 56 48 
672 101 Broadcast 24 15 91 43 
Means Deep 102 113 129 115 
Means Broadcast 87 93 112 94 
0 672 Deep 103 118 133 118 
0 672 Broadcast 113 164 151 143 
121 672 Deep 77 82 138 99 
121 672 Broadcast 105 43 117 88 
672 672 Deep 125 111 87 108 
672 672 Broadcast 44 50 79 58 
Means Deep 102 104 119 108 
Means Broadcast 87 85 116 96 
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The mean number of nodules on plants that had received 
deeply handed fertilizer was 113 per five plants, which was 
21 more than the number of nodules on soybean plants that 
had received broadcast fertilizer. This difference was 
highly significant and was predominantly due to the fact 
that deep banding of N had reduced the negative impact of N 
on nodulation. This is reflected to some extent in the 
M X H interaction significant at the 0.13 level and the 
M X U X E interaction significant at the 0.14 level. 
Effects of deeply banded and broadcast N, P, and K fertil­
izers on the fresh weight of nodules of soybeans; 
Nitrogen fertilization dramatically decreased the 
Table 4.23. Nodule weight per five soybean plants at growth 
stage 6, as affected by N, P, and Z fertilizers 
averaged over all other treatments, Deep 
Banding Experiment II, 1970 
N rates Nodule P rates Nodule K rates Nodule 
(kg/ha) weight (g) (kg/ha) weight (g) (kg/ha) wei^ t (g) 
0 21.2 0 7.9 0 9.4 
121 6 . 6  50 9 . 6  101 10.6 
672 2.2 504 12.4 672 9.9 
LSD^  3.5 ISD^  3o5 LSD^  2.3 
L^east significant difference at the 0.05 level of 
probability. 
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fresh weight of nodules, as the data in Table 4»23 indicate. 
2he rate of 121 kg K/ha reduced the mass of nodules "by 699^  
(14.6 grams), a highly significant effect (Table 4.24). 
Fertilization with P, however, significantly increased 
the mass of nodules proportionally to the P rate. The data 
in Table 4.25 indicate that the average nodule mass of 
deeply fertilized soybean plants was 11.1 grams per five 
plants and 8,9 grams was the average for soybeans which had 
received broadcast treatment. The difference of 2.2 grams 
was significant at the 0.07 level. The data show that deep 
banding tended to reduce the negative effect of N on nod-
ulation but the variation in the data is great. 
Effects of deeply banded and broadcast N, P, and E fertil­
izers on the accumulation of N: 
Nitrogen fertilization increased the K accumulation, 
as shown by the data in Table 4o26 and its effect was highly 
significant. P fertilization also enhanced N accumulation 
and its effect was significant at the 0,07 level, as shown 
in Table 4,27. 
Potassium had no significant influence on the N accu­
mulation, but the IT X P X E interaction was significant at 
the 0.02 level. This indicates that the effect of F fertil­
ization was dependent on the P and K fertilization, as is 
reflected by the data in Table 4o28. The maximum accumu­
lation of N was observed at 672 kg/ha of N, 50 kg/ha of P, 
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Table 4.24, Analysis of variance of the data of nodule 
weight per 5 soybean plants at growth stage 6, 
Deep Banding Experiment II, 1970 
Sources of variation Degrees of Mean squares Probability 
freedom levels 
Replicates 3 449.83 <0.01 
K 2 24.05 0.52 
Error a 6 32.12 
H 2 7134,24 < 0.01 
P 2 360.05 0.04 
KB 4 201.66 0.12 
m 4 88.61 0.52 
PK 4 14.54 0.97 
NPK 8 57.45 0.83 
Error b 72 108.12 
Method of fertilizer 
placement (M) 1 269.34 0.07 
m 2 5.18 0.94 
MP 2 6.56 0.92 
MNP 4 23.65 0.88 
ME 2 7.12 0.91 
IKZ 4 8.22 0.98 
MPS 4 56.30 0.59 
MNPK 8 122.45 0.16 
Error c 81 79.79 
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Table 4.25, Average nodule wei^ t per five soybean plants 
at growth stage 6, as influenced by the rates 
of N, P, and E-fertilizers and method of 
application, Deep Banding Experiment II, 1970 
Rates of Rates of Methods of Rates of P Ckg/ha) Means 
H" (kg/ha) K (kg/ha) application 0 50 504 
Nodule weight (grams) 
0 0 Deep 25.5 19.8 19.7 21.6 
0 0 Broadcast 11.2 15.5 29.0 18.6 
121 0 Deep 4.6 10.0 8.5 7.7 
121 0 Broadcast 4.9 4o8 4.0 4.5 
672 0 Deep 1.5 2.4 5.0 3oO 
672 0 Broadcast 0.4 0.8 2.3 1.2 
Means Deep 10.5 10.7 11.1 10.8 
Means Broadcast 5.5 7.0 11.8 8.1 
0 101 Deep l8o8 17.3 41.8 25.9 
0 101 Broadcast 18.8 21.3 27.5 22.5 
121 101 Deep 6.8 11.2 5.1 7.7 
121 101 Broadcast 3.5 7.0 3.3 4.6 
672 101 Deep 1o3 0.9 3.5 1.9 
672 101 Broadcast 0.8 0.7 1.3 0.9 
Means Deep 8.9 9.8 16.8 11.8 
Means Broadcast 7.7 9o6 10.7 9.3 
0 672 Deep 16.5 23.3 20.8 20.2 
0 672 Broadcast 14.8 15.1 25.0 18.3 
121 672 Deep 6 o O  4.5 12.5 7.7 
121 672 Broadcast 3.0 11.8 7.5 7.4 
672 672 Deep 3o6 5.5 3.5 4.2 
672 672 Broadcast 0.9 2.0 3.5 1.8 
Means Deep 8.7 11.1 12.3 10.7 
Means Broadcast 6.2 9.6 11.7 9.2 
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Table 4.26. Nitrogen accumulation by soybeans at growth 
stage 5, as affected by N, P, and K fertilizers 
averaged over all other treatments, Deep 
Banding Experiment II, 197C 
N rates N yield P rates N yield K rates IT yield 
(kg/ha) (kg/ha) (kg/ha) (kg/ha) (kg/ha) (kg/ha) 
0 163 0 172 0 173 
121 175 50 174 101 185 
672 189 504 l8l 672 170 
LSD^  9 LSD^  9 LSD^  28 
L^east significant difference at the 0,05 level of 
probability. 
and 101 kg/ha of K. The method of fertilizer placement (M) 
had little effect on N accumulation, but the M x N interac­
tion was significant at the 0«05 level. The 121 kg/ha rate 
of broadcast N increased N accumulation from 166 to 180 kg/ 
ha, a significant increase as can be calculated from the 
data in Table 4.28. Deep banding of 121 kg/ha of N in­
creased the N accumulation from 160 kg/ha to 171 kg/ha, but 
this increase was not significant. Inversely, 672 kg/ha of 
deeply banded If resulted in an average accumulation of 195 
kg/ha of N, while 672 kg/ha of broadcast N resulted in a 
smaller average uptake of 183 kg lî/ha. 
Effects of deeply banded and broadcast K, P, and K fertil-
izers on the accumulation of P: 
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Table 4. 27, Analysis of variance of the data of N acciuau-
lation by "Hark" soybeans at growth stage 5, 
Deep Banding Experiment II, 1970 
Sources of variation Degrees of Mean squares Probability 
freedom levels 
Replicates 2 5028 0.28 
K 2 3429 0.39 
Error a 4 2836 
N 2 8933 < 0.01 
P 2 1367 0.07 
NP 4 480 0.56 
lîK 4 447 0.52 
PK 4 778 0.20 
NPZ 8 1255 0.02 
Error b 48 499 
Method of fertilizer 
placement (M) 1 61 0.75 
M 2 1843 0.05 
MP 2 935 0.21 
MNP 4 929 0.20 
ME 2 1150 0.15 
mee: 4 750 0.29 
MPK 4 615 0.40 
MNPE 8 1196 0.06 
Error c 54 592 
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Table 4. 28* Average accumulation of IT "by "Hark" soybeans 
at growth stage 5, as influenced by the rates 
of N, P, and K fertilizers and method of 












Accumulation of IT (kg/ha) 
0 0 Deep 148 152 155 152 
0 0 Broadcast 150 144 180 158 
121 0 Deep 170 177 167 172 
121 0 Broadcast 189 176 166 177 
672 0 Deep 179 222 173 191 
672 0 Broadcast 178 184 200 187 
Means Deep 166 183 165 172 
Means Broadcast 172 168 182 174 
0 101 Deep 173 177 156 169 
0 101 Broadcast 172 162 212 182 
121 101 Deep 156 146 189 164 
121 101 Broadcast 202 164 225 197 
672 101 Deep 207 200 214 207 
672 101 Broadcast 153 220 196 190 
Means Deep 179 174 186 180 
Means Broadcast 176 182 211 190 
0 672 Deep 157 167 152 159 
0 672 Broadcast 166 153 157 159 
121 672 Deep 172 186 172 177 
121 672 Broadcast 151 163 184 166 
672 672 Deep 188 163 207 186 
672 672 Broadcast 181 173 159 171 
Means Deep 173 172 177 174 
Means Broadcast 166 163 166 165 
Fertilization with N increased P accumulation by 2 kg 
P/ha or by 12^ , as shown in Table 4.29. This increase was 
highly significant (Table 4.30) and was the same for the 
intermediate and hi^  ïf rates. As expected, P fertilization 
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Table 4.29. Phosphorus accumulation "by soybeans at growth 
stage 5, as affected by N, P, and K fertilizers 
averaged over all other treatments, Deep 
Banding Experiment II, 1970 
E rates P yield P rates P yield E rates P yield 
(kg/ha) (kg/ha) (kg/ha) (kg/ha) (kg/ha) (kg/ha) 
0 16.9 0 13.2 0 17.7 
121 18.9 50 16.1 101 19.1 
672 18.9 504 25.5 672 17.9 
LSD^  1.5 LSD^  1.5 ' LSD^  4.9 
e^ast significant difference at the 0.05 level of 
probability. 
increased P accumulation proportional to the fertilization 
rate. Responses in P accumulation to added P were 2o9 and 
12.3 kg P/ha for the intermediate and high rate of P, re­
spectively. A positive ÎT X P interaction was highly signifi­
cant. Without U fertilization, the 504 kg P/ha rate in­
creased P accumulation by 8.9 kg P/ha, but the increase was 
14.9 kg p/ha when soybeans were also fertilized with 121 
kg/ha of F. (Table 4.31). 
Responses in P accumulation by soybeans to broadcast P 
were highly significantly larger (3.6 kg P/ha more at the 
hi^  P fertilization rate) than responses to deeply banded 
P. The larger P accumulation from broadcast P is also re­
flected by the significant M z P x E interaction and 
M X N X P X E interaction. 
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Table 4,30. Analysis of variance of the data of P acciamu-
lation by "Hark" soybeans at growth stage 5, 
Deep Banding Experiment II, 1970 
Sources of variation Degrees of Mean squares Probability 
freedom levels 
Replicates 2 49.14 0.60 
K 2 33.16 0.70 
Error a 4 82.67 
N 2 77.15 < 0.01 
P 2 2235.79 < 0.01 
2ÎP 4 52.92 0.01 
m 4 2.45 0.92 
PK 4 31.02 0.10 
NPK 8 13.41 0.53 
Error b 48 14.95 
Method of fertilizer 
placement (M) 1 41.59 0.03 
m 2 19.71 0.10 
MP 2 71.72 < 0.01 
MNP 4 5.33 0.65 
m 2 30.49 0.03 
MKK 4 5.65 0.62 
MPK 4 32.92 < 0.01 
MKPZ 8 18.54 0.04 
Error c 54 8.45 
r 
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Table 4o31. Average accumulation of P by "Hark" soybeans 
at growth stage 5, as influenced by the rates 
of N, P, and K fertilizers and method of 








• Ô ' 
of P (ka/ha) 
50 5ùi 
Means 
Accumulation of P (ke/ha) 
0 0 Deep 12.8 13.5 19.4 15.2 
0 0 Broadcast 13o2 14.4 22.9 16.8 
121 0 Deep 12.9 16,0 22.4 17.1 
121 0 Broadcast 11.9 15.7 30.6 19.4 
672 0 Deep 14.0 19.4 19.8 17.8 
672 0 Broadcast 11.7 16.7 31.0 19.8 
Means Deep 13.2 16.3 20.5 16.7 
Means Broadcast 12.3 15.6 28.2 18.7 
0 101 Deep 13.0 16.3 19.6 16.3 
0 101 Broadcast 13.1 15.3 28.0 18.8 
121 101 Deep 12.4 13.0 30.5 18.6 
121 101 Broadcast 15.0 15.6 34.0 21.5 
672 101 Deep 14o8 17.2 27.5 19.8 
672 101 Broadcast 10.3 20.2 28.7 19.7 
Means Deep 13.4 15.5 25.9 18.3 
Means Broadcast 12.8 17o0 30.3 20.0 
0 672 Deep 13.6 15.5 21.3 16.8 
0 672 Broadcast 14.2 15.2 22.3 17.2 
121 672 Deep 13.4 17o1 24.3 18.3 
121 672 Broadcast 13.1 17.0 26.2 18.8 
672 672 Deep 15.6 15o2 28.4 19.7 
672 672 Broadcast 12.6 15.7 21.8 16.7 
Means Deep 14.2 15.9 24.7 18.3 
Means Broadcast 13.3 15.9 23.4 17.6 
Responses of P accumulation to K fertilization were 
small and were only slightly affected by methods of fertil­
izer placement. The significant M x K interaction is un­
explained. 
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Effects of deeply "banded and broadcast N, P, and E fertil­
izers on the accinmilation of K: 
The accumulation of K was increased in proportion to 
the rate of K fertilization ((Table 4.32), but the effect of 
K was significant only at the 0,15 level. Due to the split-
plot nature of the experimental design, Z effects were 
measured with less precision than were other treatment 
effects (Table 4.33). 
N fertilization was the only factor that highly signif­
icantly enhanced K accumulation. The rate of 112 kg/ha of 
IT increased the uptake by 9 kg Z/ha, but the positive effect 
of the high rate of 672 kg K/ha was not significant. The 
nature of the significant N x P x K interaction with 8 
Table 4.32. Potassium accumulation by soybeans at growth 
stage 5, as affected by N, P and E fertilizers 
averaged over all other treatments, Deep 
Banding Experiment II, 1970 
rates K yield P rates K yield K rates K yield 
(kg/ha) (kg/ha) (kg/ha) (kg/ha) (kg/ha) (kg/ha) 
0 96 0 97 0 89 
121 105 50 102 101 97 
672 99 504 101 672 114 
LSD^  6 LSD^  6 LSD^  28 
D^east significant difference at the 0.05 level of 
probability. 
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Table 4,33. Analysis of variance of the data of K accumu­
lation "by "Hark" soybeans at growth stage 5, 
Deep Banding Experiment II, 1970 
SoTirces of variation Degrees of Mean squares Probability 
freedom levels 
Replicates 2 1564 0.61 
K 2 8737 0.15 
Error a 4 2808 
H 2 1016 0.01 
p 2 427 0.15 
np 4 335 0.21 
m 4 142 0.63 
pk 4 165 0.56 
itpe 8 542 0.02 
Error b 48 218 
Method of fertilizer 
placement (M) 1 123 0.52 
m 2 611 0.08 
mp 2 192 0.55 
mep 4 61 0.90 
me 2 93 0.68 
mne 4 252 0.38 
mpe 4 210 0.53 
mkpk: 8 404 0.11 
Error c 54 233 
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Table 4,34. Average accumulation of K by "Hark" soybeans 
at growth, stage 5» as influenced by the rates 
of N, P, and K fertilizers and method of 
application, Deep Banding Experiment II, 1970 
Eates of Rates of Methods of Rates of P (kg/ha) Means 
N (kg/ha) K (kg/ha) application 0 50 504 
Accumulation of g (kf/ha) 
0 0 Deep 79 72 83 78 
0 0 Broadcast 88 83 93 88 
121 0 Deep 89 100 97 96 
121 0 Broadcast 91 95 89 92 
672 0 Deep 89 123 73 95 
672 0 Broadcast 74 91 91 85 
Means Deep 86 99 84 90 
Means Broadcast 84 90 91 88 
0 101 Deep 94 100 86 93 
0 101 Broadcast 99 97 104 100 
121 101 Deep 92 91 99 94 
121 101 Broadcast 101 98 120 106 
672 101 Deep 103 95 101 100 
672 101 Broadcast 69 109 90 89 
Means Deep 96 95 95 96 
Means Broadcast 89 101 105 99 
0 672 Deep 109 102 111 107 
0 672 Broadcast 114 110 110 111 
121 672 Deep 108 129 118 118 
121 672 Broadcast 107 130 131 123 
672 672 Deep 114 100 118 111 
672 672 Broadcast 123 107 110 113 
Means Deep 110 110 116 112 
Means Broadcast 115 115 117 116 
degrees of freedom is complex, as can be seen from the data 
in Table 4.34, and is unexplained. 
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4.3. Deep Bnnding Experiment III, 1971 
The fertilizer treatments of this factorial experiment 
consisted of combinations of 0, 45» 179, and 448 kg H/ha 
and 0, 45» 179, and 448 kg P/ha. Deep banding refers to a 
split application of both N and P fertilizers, whereby one 
half of the rate was deeply banded and the other half was 
applied at the soil siirface and plowed under. This method 
of fertilization was compared with broadcast application, 
whereby the total amoimt of fertilizers was spread at the 
surface and plowed Tinder. 
Effect of method of application of E and P fertilizers on 
grain yield of soybeans ; 
The highest observed grain yield obtained with deep 
banding of fertilizers was 3122 kg/ha, as is shown in Table 
4.35. The corresponding fertilizer rates were 448 kg/ha of 
each K and P. The response was 31?^  (746 kg/ha). When 
broadcast, fertilizer rates of 448 kg/ha of K and 179 kg/ha 
of P were found to give the Tna-gimnTn observed grain yield of 
3293 kg/ha, a A-Ofo (946 kg/ha) response. The difference 
between these two observed mean maximum yields was fotmd to 
be insignificant. Also the mean effect of the method of 
fertilizer application (M) was not significant, as is 
illustrated in Table 4,36* 
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Table 4,35. Average grain yield of "Hark" soybeans, as 
influenced by the rates of K and P fertilizers 
and method of application. Deep Banding E:rper-
iment III, 1971* 
09 i
 (kg/ha) Grain yield (k&/ha)^  
Deep banding of Broadcasting of 
U P fertilizers fertilizers 
0 0 2376 2347 
0 45 2598 2652 
0 179 2707 2926 
0 448 2935 2639 
45 0 2630 2636 
45 45 2640 2722 
45 179 2756 2955 
45 448 2982 2692 
179 0 2788 2901 
179 45 2832 2890 
179 179 2803 2910 
179 448 3060 2786 
448 0 2919 3006 
448 45 3028 3044 
448 179 3O83 3293 
448 448 3122 2987 
Means 2829 2837 
O^riginal data. 
L^east significant difference at 0,05 level between 
two method of application means within a given fertilizer 
combination is 208 kg/ha and between two means for 
different fertilizer combinations at either method of 
application is 311 kg/ha. 
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Table 4.36, Analysis of variance of the data of grain 
yield of "Hark" soybeans. Deep Banding Experi­
ment III, 1971 
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I^nteractions of 1 degree of freedom not significant 
at<0.25 probability levels are combined, where appropriate, 
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Table 4.36 shows that the average effects of N and P 
application as well as the M x P interaction were highly-
significant. 
Responses of grain yield to N were essentially linear, 
and positive, and the slope was independent of the method 
of application, as indicated "by the insignificance of the 
M % n interaction. 
Grain yield responses to P followed a curvilinear 
pattern, as indicated by the highly significant linear (P^ ) 
and significant quadratic (P^ )^ components. In contrast to 
IÎ, the effects of P were highly dependent upon the method 
of application. The highly significant interactions M x P^  
and M X Pg^  indicate that deep banding affected both the 
slope of the linear and the quadratic component of the 
fertilizer response as compared to broadcasting. There was 
a suggestion of a IT x P interaction, but this effect failed 
to reach significance. 
A concurrent curvilinear model was hypothesized to 
evaluate the relationship between yield and input of fertil­
izers and the relative effectiveness of the methods of 
fertilization independent from a particular rate. The form 
of the model selected was a second-degree polynomial, be­
cause of its adequate approximation of the data and other 
advantages (Heady and Pesek, 1954) and because not one 
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proper and preeminently superior functional model has been 
developed (National Academy of Science-National Research 
Council, 1961). According to the model, the response to 
fertilizer F and P may be represented by the equation: 
3% = a + tiaK + f • 
where Y is the mean yield, a is the common intercept, b^  
and bg are the linear coefficients for the different fer­
tilizers, b^ ,^ bgg* 2nd b^ 2 are the second order coeffi­
cients, and subscript m indicates the method of fertilizer 
application. H and P are rates of the applied elements N 
and P, respectively. The common intercept was chosen, be­
cause no significant effects from the disturbance of the 
soil by the knives of the deep banding machine were expected 
from a nutritional viewpoint nor were observed in the ex­
perimental results. In midwestem soils, where subsoils 
fracture by forces associated with processes of freezing 
and thawing, wetting and drying, the additional subs oiling 
effects of the knives of the deep banding machine, if any, 
were expected to be negligible. This view is supported by 
the data in Table 4*35, which show that the mean yields of 
the two types of control plots were practically the same. 
The resulting prerequisite for the concurrent model was met 
by the insignificant ? test of the residual mean square 
obtained from a separate analysis of variance of the yields 
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from plots with, "broadcast treatments and deep banding 
treatments. The postulated curvilinear relationship "between 
grain yield and rates of fertilization was reflected princi­
pally by the effect of P, as shown in the analysis of vari­
ance in Table 4.36. The quadratic term for N and the H" x P 
term were maintained in the model, because of an expected 
interaction between îî and ?, which is reflected in 
table 4.36, although at a low probability level. 
Table 4.37. Analysis of variance of grain yield data for 
testing the assumed model of concurrent second 
degree polynomials, transformed data of Deep 
Banding Experiment III, 1971 
Sources of variation Degrees of 
freedom 
Mean squares Probability 
levels 
Replicates 3 66015 0,06 
Treatments 31 70986 <0.01 
Regression 10 181529 <0.01 
Deviations 21 10187 0.97 
Error 93 21529 
Total 127 34652 
The analysis of variance of the regression of the con­
current curvilinear model is presented in Table 4,37. It 
shows that the regression mean square is highly signifi­
cant, whereas the corresponding test for the deviations from 
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regression mean square was not. These results indicate 
that the model is consistent with the data, which were 
transformed as indicated in Section 3.6 
Ihe partial regression coefficients for the two pro­
duction functions are given in Table 4,38 and the predicted 
production surfaces are portrayed in Pigure 4.1 
The information in Table 4.38 su^ ests that the yield 
responses to ÏÏ were linear in "both methods of fertilizer 
application and did not differ significantly, although 
yield responses to a unit of broadcast N were slightly 
larger than when F was deeply banded, 
Responses to broadcast P were due to both its linear 
and quadratic components, which are logical, because some 
rates of P in this experiment were excessive. However, 
these rates of P were not excessive when P was deeply banded 
and this resulted in positive linear and quadratic partial 
regression coefficients. They were complementary and indi­
vidually insignificant» 
Differences in responses to P as influenced by the 
me-aiod of fertilization were highly significant. The par­
tial regression coefficient for the linear component of 
broadcast P was considerably larger than, when P was deeply 
banded and the corresponding partial regression coefficient 
for the quadratic component was considerably smaller. 
Table 4,38. Values and significances of partial regression coefficients relat­
ing the grain yield of,soybeans to method of application and N 
and P fertilizers, Deep Banding Experiment III, 1971^  
Factors Deep banding Broadcasting Differences 
b.j Proba^ ili- ïïTJ Probabili- b,.-b^ . Probabili-
ty levels ty levels ty levels 
Intercept 2512 <0.01 2512 <0.01 
N 1.561 0.04 1.654 0.03 -0.092 0.92 
-0.00123 0.55 -0.0011 0.54 -0.003 0.98 
P 0.297 0.69 3.682 <0.01 -3.385 <0.01 
p2 0.00206 0.19 -0.00823 <0.01 0.0103 <0.01 
NP -0.00157 0.12 -0.00063 0.55 0.0009 0.51 
R2 = 0.50 
The test for 1st order autocorrelation of residuals was not significant. 
The significance of the partial regression coefficients and their differences 
was tested using the error variance estimated from the deviations from regres­
sion of the transformed data, i.e. 19351 with 114 degrees of freedom. 
130 
The production stirface from deeply "banded fertilizers 
is shaped somewhat like a saddle, as judged from Pig. 4.1 
The yield isoquants derived from this surface have a hyper­
bolic nature (Pig. 4.2), It shows that the grain yield was 
increased by as much as 538 kg/ha when deeply banded P was 
increased from 0 to 450 kg at zero N application. Grain 
yields also increased (438 kg/ha) when deeply banded H was 
raised from 0 to 417 kg/ha at zero P application. The sub­
stitutional effects of H and P on yield are obvious from 
this graph. It is worth noting that the effects of 200 
kg/ha of P and 100 kg/ha of N are additive (100 kg/ha of 
grain each), but at hi^  levels of 400 to 500 kg/ha of P 
the additional effect from N is considerably reduced. 300 
kg/ha of deeply banded H" at zero P application raised the 
yield by approximately 348 kg/ha, but the effect of 300 
kg/ha of K at 448 kg/ha of P application was only 150 kg/ha. 
Within the area investigated the predicted maximum mean 
yield was 3208 - 97 kg/ha at rates of 350 and 448 kg/ha of 
N and P, respectively. The approximate 95^  confidence belt 
of the yield isoquant of 2950 kg/ha ranged from -129 to 
-168 kg/ha, depending on the rates of N and P. The rates 
of N and P, constituting the lower and upper confidence 
limits at the 0.05 probability level for isoguant 2950 
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Figure 4.2 Yield isoquants derived from the prediction 
equation with deeply "banded I? and P, Deep 
Banding Experiment III, 1971 
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The production surface for grain yield as affected by 
broadcast K and P is illustrated in Pig. 4.1. Its shape 
differs considerably from the form of the production surface 
from deeply banded fertilizers. Ihe isoquants given in 
Pig. 4.3 are ellipsoidal. They show a yield increase of 
438 kg/ha from a 370 kg/ha broadcast application of N with­
out P. The yield was raised 388 kg/ha by broadcast applica­
tion of 230 kg/ha of P without H. 
The substitutional effects of P for K on yield are 
larger for broadcast than for deeply banded P and the sub­
stitution rate is not constant. At rates higher than 250 
kg/ha of broadcast P the effect of this element becomes 
depressive. This is in contrast with IT that did not reduce 
yields at hi^  rates. Within the investigated area the 
predicted maximum mean yield was 3364 - 86 kg/ha at rates 
of 448 and 207 kg/ha of IT and P, respectively. 
The yield isoquant 2950 kg/ha, obtained from broadcast 
fertilizers, had an obviously different shape and its con­
fidence belt ranged from ±110 to i177 kg/ha, depending on 
the rates of H and P. The rates of N and P constituting the 
lower and upper confidence limits at the 0.05 probability 
level for isoquant 2950 kg/ha are graphed in Pig. 4,3» 
The projection of the line of intersection of the two 
yield surfaces on the horizontal plane in Pig. 4.3 indicates 
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Figure 4.3 Yield isoquants derived from the prediction 
equation with "broadcast F and P, Deep Banding 
Experiment III, 1971 
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that deeply placed fertilizer yielded more than "broadcast 
when hi^  rates of fertilizer were used, probably because 
of the depressive effects of hi^  rates of broadcast P. At 
lower rates of fertilization, the ratio of yields is the 
reverse and maylTnum yields were equivalent to those from 
higher rates deeply banded. 
Table 4.39. Analysis of variance of grain yield data for 
testing the concurrent quadratic model for 
efficiency estimation, transformed data of 
Deep Banding Experiment III, 1971 
Sources of variation Degrees of 
freedom 
Mean squares Probability 
levels 
Heplicates 3 66015 0.06 
Treatments 31 70986 < 0.01 
degression 7 67000 < 0.01 
Deviations 24 13515 0.89 
Error 93 21529 
Total 127 34652 
The "lack of fit" analysis presented in Table 4.39 
indicates that the concurrent quadratic model developed in 
Section 3.6 for the evaluation of the relative efficiencies 
of deeply banded IT and P fertilizers was consistent with the 
grain yield data. The values of the partial regression 
coefficients for the linear and quadratic components and the 
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efficiency coefficients are shown in. Table 4,40. It is 
worth noting that the differences "between corresponding 
regression coefficients were all within the range of the 
standard errors of the coefficients. Also the levels of 
significance were in close agreement with those of the 
corresponding terms of the production surface for "broadcast 
fertilizers, the standard surface. 
The efficiency coefficient for deeply "banded 23", as 
estimated from all the grain yield data in the experiment, 
was 0.66 and was statistically significant. This means that 
if 100 kg of deeply banded N was needed to obtain a certain 
yield, then this same grain yield could be o'btained from 
66 kg/ha of 2î "broadcast. 
•Ihe efficiency coefficient for deeply banded P was 
0.34 and was also statistically significant. This implies 
that by broadcasting P a certain yield could be obtained with 
34^  of the amount needed when P was deeply banded. This 
estimate appears to be too low since, according theoretical 
considerations, its value should equal or exceed 0.5, because 
half of the rate of P was incorporated in the plow layer in 
the same way as broadcast fertilizers* If one, however, 
considers the variation of the estimated value, then it can 
be said that the true value of this efficiency parameter for 
P laid in the interval of 0.07 to 0.61, unless a one in the 
twenty mischance had occurred. 
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Table 4.40. Values and significances of partial regression 
coefficients of the quadratic model for 
efficiency estimation of the grain yield of 
soybeans, Deep Banding Experiment III, 1971 
Factors Partial recession Standard Probability 
coefficients errors levels^  
Intercept 2509 50 < 0*01 
IÎ 1.5831 0.742 0.04 
-0.0011 0.001564 0.46 
P 4.0291 0.686 <0.01 
P^  -0.0089 0.0015 <0.01 
KP -0.0008 0.00101 0,44 
Efficiency 
for H 0.66 0.266 0.02 
Efficiency 
for P 0.34 0.1407 0.02 
= 0.47 
The significance of the partial regression coeffi­
cients was tested using the error variance estimated from 
the deviation from regression of the transformed data, i.e. 
19885 with 117 degrees of freedom. Basically, the estimated 
parameters are not normally distributed. Eie large number 
of degrees of freedom of the error mean square, however, 
makes this t test a valid approximation. 
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Sffecta of znethod of application of H and P fertilizers on 
growth characteristics of soybeans : 
!Ehe dry matter production was considerably enhanced "by 
K as is shown in Table 4.41. This mean effect of H on 
growth was highly significant (Table 4.42). The impact of 
K consisted of hi^ y^ significant positive linear and nega­
tive quadratic components. These effects were not altered 
by the method of fertilizer application as demonstrated by 
a non-existent M x K interaction. 
The overall effect of P and the method of fertilizer 
application were insignificant. The M z interaction was 
significant in contrast to the mean M x P interaction. 
This indicates that dry matter accumulation responded dif­
ferently to P when deeply banded than when it was broadcast. 
Deeply banded N and P at rates of 448 kg/ha induced the 
largest dry matter production (6.66 tons/ha), which repre­
sented a significant 38^  (1.84 tons/ha) response (Table 
4.41) compared to the control yield. When fertilizers were 
broadcast, the hi^ est dry matter accumulation (6.61 tons/ 
ha) occurred at rates of 448 and 179 kg/ha of IT and P, 
respectively. This was a significant response of 34# 
(1.68 tons/ha). The differences between the two maxima 
were not significant. 
The concurrent curvilinear model, discussed earlier, 
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Table 4.41. Average dry matter production of "Hark" soy­
beans at growth stage 8.5» as influenced by 
the rates of N and P fertilizers and method of 
application, Deep Banding Experiment III, 1971 
Rates (kg/ha) Dry matter production (tons/lia)^  
Deep banding of Broadcasting of 
R P fertilizers fertilizers 
0 0 4.82 4.93 
0 45 5.45 5.60 
0 179 5.42 5.66 
0 448 5.35 5.29 
45 0 5.69 5.90 
45 45 5.80 6.01 
45 179 5.70 5.95 
45 448 6.04 5.67 
179 0 6.18 6.19 
179 45 6.12 6.57 
179 179 6.36 6.59 
179 448 6.54 6.25 
448 0 6.42 6.34 
448 45 6.20 6.60 
448 179 6.51 6.61 
448 448 6.66 6.41 
Means 5.95 6.03 
O^riginal data. 
l^east significant difference at 0,05 level between 
two method of application means within a given fertilizer 
combination is 0.63 ton/ha, between two means for different 
fertilizer combinations at either method of application is 
0.84 ton/ha. 
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Table 4.42. Analysis of variance of the data of dry matter 
production of "Hark" soybeans at growth stage 
8.5» Deep Banding Experiment III, 1971 
Sources of variation Degrees of 
freedom 
Mean squares Probability 
levels^  
Replicates 3 0.167 
3 8.929 <0.01 
l^inear 1 19.073 <0.01 
q^uadratic 1 6.912 <0.01 
c^ubic (^ c^  1 0.803 0.21 
P 3 0.519 0.39 
l^inear ^ 1^^  1 0.325 0.43 
p (P ) 
quadratic  ^ q' 1 0.866 0.19 
c^ubic ^^ c^  1 0.366 0.40 
KP 9 0.151 0.96 
Error a 45 0.508 
Method of fertilizer 
placement (M) 1 0.208 0.31 
m 3 0.008 0.99 
MP 3 0.458 0.09 
MP^  1 0.848 0.04 
MP^  1 0.377 0.17 
1 0.149 0.61 
MNP 9 0.037 0.99 
Error b 48 0.198 
I^nteractions of 1 degree of freedom not significant 
at<0.25 probability levels are combined, where appropriate. 
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was employed in order to alter the dry matter yield function 
from a discrete into a continuous function of the production 
factors K, P, and method of fertilizer application. The 
analysis of variance of the transformed data is given in 
Tahle 4,43 and the "goodness of fit test" indicates that the 
model is consistent with the data. 
Table 4.41. Analysis of variance of dry matter yield data 
for testing the assumed model of concurrent 
second de^ ee polynomials, transformed data of 
Deep Banding Experiment III, 1971 
Sources of variation Degrees of 
freedom 
Mean squares Probability 
levels 
Replicates 3 0.065 0.95 
Treatments 31 0.435 <0.01 
Regression 10 1.190 <0.01 
Deviations 21 0.078 0.98 
Error 93 0.198 
Total 127 0.252 
Growth response to deeply banded N was curvilinear and 
the linear and quadratic partial regression coefficients 
were highly significant (Table 4.44). Response to deeply 
banded P, as reflected by the partial regression coeffi­
cients, was positive but insignificant. This was also true 
for the coefficient of the F z P interaction. 
Table 4,44. Values and significances of partial regression coefficients relat­
ing the dry matter accumulation toy soybeans to method of appli­
cation and N and P fertilizers, Deep Banding Experiment III, 1971 
Factors Deep banding Broadcasting Differences 
d^i Probabili­ty levels 
Probabili­
ty levels d^i~^ bi 
Probabili­
ty levels 
Intercept 5.275 <0.01 5.275 <0.01 
N 0.00691 <0,01 0.00842 <0.01 -0.0015106 0,54 
-0.000011 0.01 -0.000013 <0,01 0.000002 0,64 






0.000001 0.76 -0.000009 0.02 0.0000109 0,05 
NP 0,0000009 0.72 -0.0000006 0,83 0,0000015 0,68 
= 0.38 
The test for 1st order autocorrelation of residuals was not significant. 
The significance of the partial regression coefficients and their differences 
was tested using the error variance estimated from the deviations from regres­
sion of the transformed data, i.e. 0.174 with 114 degrees of freedom. 
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Response of dry matter accuirailation to broadcast fer­
tilizers was curvilinear, This was more pronounced in the 
I? effect than in the effect of P. The linear and quadratic 
partial coefficients were highly sigiificant for "broadcast 
F and significant for "broadcast P. 
Differences between the partial regression coefficients 
suggest that response of dry matter to 2Î was practically 
independent of the method of fertilizer application. In 
contrast to N the method of fertilizer application had a 
sigiificant impact on the effect of P on growth. The linear 
partial coefficient for "broadcast P was highly significantly 
larger than the corresponding partial regression coefficient 
for deeply placed P. Whereas the partial regression coeffi­
cient of the quadratic term was positive and small, the 
corresponding regression coefficient for broadcast P was 
negative and substantial, and the difference reached a 
significance level of 0.05 under experimental conditions. 
The isoquants shown in Pig. 4.4 are hyperbolic. 
Is0quant 5.6 tons/ha illustrates that this yield can be 
obtained with either deeply banded N or P alone. A dry 
matter accumulation of 6.8 tons/ha, however, needed both N 
and P applications. The predicted maximum yield of 6.88 -
0,25 tons/ha within the area of investigation needed the 
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Figure 4.4 . Isoquants for dry matter yield at growth stage 
8.5"derived from the prediction equation with 
deeply handed N and P, Deep Banding Experiment 
III, 1971 
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Figure 4.5. Isoquants for dry matter yield at growth stage 
8.5 derived from the prediction equation with 
broadcast N and ?, Deep Banding Experiment 
III, 1971 
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Isoquants for dry matter accTJmulation obtained for 
"broadcast fertilizers are ellipsoidal (Pig. 4.5). Here the 
point of ïïiaxlïïmm predicted dry matter production was 7.04 -
0.21 tons/ha and was obtained within the area of investiga­
tion with a combination of 310 kg/ha of N and 210 kg/ha of 
P. 
The "lack of fit" test in Table 4.45 indicates that the 
model for efficiency estimation was consistent with the data 
and the values of the partial regression coefficients and 
efficiency coefficients are presented in (Cable 4.46. 
Table 4.45. Analysis of variance of dry matter production 
data for testing the concurrent guadratic model 
for efficiency estimation, transformed data of 
Deep Banding Experiment III, 1971 
Sources of variation Degrees of 
freedom 
Mean squares Probability 
levels 
Replicates 3 0.065 0.95 
Treatments 31 0.435 < 0.01 
Regression 7 1.677 < 0.01 
Deviations 24 0.073 0.96 
Error 93 0.198 
Total 127 0.252 
The values and signs of the partial regression coeffi­
cients of the linear and quadratic tema as well as the 
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Table 4.46. Values and significances of partial regression 
coefficients of the quadratic model for 
efficiency estimation of the dry matter pro­
duction of soybeans, Deep Banding Experiment 
III, 1971 
Factors Partial regression Standard Probability 

































R = 0.63 
The significance of the partial regression coeffi­
cients was tested using the error variance estimated from 
the deviation from regression of the transformed data, i.e. 
0.171 with 117 degrees of freedom. Basically, the estimated 
parameters are not normally distributed. The large number 
of degrees of freedom of the error mean square, however, 
makes this t test a valid approximation. 
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intercept are in close agreement wilâi the values and signa 
of the corresponding coefficients of the production function 
derived from broadcast fertilizers, the standard production 
surface» Ihe differences between the corresponding values 
are all within the range of the standard errors of the 
coefficients. 
The highly significant efficiency coefficient for 
deeply banded N was 0.97, which is a value close to unity. 
It indicates that dry matter production responded to deeply 
banded N almost as well as to broadcast N. 
The efficiency coefficient for deeply banded P was 0.19 
and was not significantly different from zero. This means 
that little variation in the dry matter production was 
attributable to the variable deeply banded P and therefore 
a not significant portion of the variation in dry matter 
production is explained by the efficiency factor for deeply 
banded P. Its value is therefore more the result of the 
least squares solution for the error term than the effect of 
deeply banded P. The weak association between dry matter 
production and deeply banded P is clearly illustrated by the 
virtually not significant linear and quadratic terms for 
deeply banded P in Table 4,44. Therefore the value of the 
efficiency factor for deeply banded P on dry matter pro­
duction is considered to be meaningless. 
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Maturity (98^  of pods "brown) was reached at the control 
plots on September 6. The analysis of variance of the 
maturity data indicated that IT fertilization highly signif­
icantly delayed maturity by five days. The interaction 
between N and method of fertilizer application was signif­
icant at the 0,02 level and indicated that on the average 
soybeans that were fertilized with deeply banded IT matured 
1.5 days earlier than soybeans broadcast with IT. 
Lodging at harvest maturity was hi^ ly significantly 
increased by the average effect of IT fertilization, which 
increased the lodging score from 1.2 on the control plots 
to 2.6 on the plots with the highest IT fertilization rates. 
P fertilization also highly significantly enhanced lodging 
from score 1o8 to 2.7 at rates of 448 kg P/ha. Deep banding 
of IT and P significantly decreased the lodging effect by an 
estimated score of 2.2 units. 
Effects of N and P fertilizers and method of application on 
E accumulation by soybeans ; 
Soybeans having received broadcast fertilizers accumu­
lated on the average 10 kg/ha more IT than when the fertil­
izers were deeply banded, as shown in Table 4.47, but the 
difference was significant at the 0.07 level (Table 4»48). 
The uptake of IT was highly significantly affected by 
the mean effect of F. This was curvilinear as indicated by 
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Table 4*47. Average accumulation of K "by "Hark" soybeans 
at growth stage 8.5, as influenced by the rates 
of N and P fertilizers and method of applica­
tion, Deep Banding Experiment III, 1971 
Bates (kg/ha) Accmmzlation of N (kg/ha)^  
Deep banding of Broadcasting of 
F P fertilizers fertilizers 
0 0 147 159 
0 45 178 221 
0 179 197 213 
0 448 206 194 
45 0 198 203 
45 45 191 208 
45 179 188 214 
45 448 212 214 
179 0 216 223 
179 45 217 246 
179 179 231 243 
179 448 224 223 
448 0 216 244 
448 45 245 237 
448 179 261 239 
448 448 237 233 
Means 210 220 
O^riginal data. 
l^east significant difference at 0.05 level between 
two method of application means within a given fertilizer 
combination is 40.8 kg/ha, between two means for different 
fertilizer combinations at either method of application is 
41.8 kg/ha. 
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Table 4 «48. Analysis of variance of the data of F accumula­
tion "by "Hark" soybeans at growth stage 8.5, 
Deep Banding Experiment III, 1971 
Sources of variation Degrees of Mean squares Probability 
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I^nteractions of 1 degree of freedom not significant 
at<0.25 probability levels are combined, where appropriate. 
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Table 4.48. (Continued) 
Sources of variation Degrees of 
freedom 
Mean squares Probability 
levels^  
MP^  1 2027 0.12 
Remaining MP 
interactions 1 164 0.78 
MP 9 551 0.73 
m.p 
-L (J 1 2599 0.08 
Remaining MNP 
interactions 8 295 0.92 
Error b 48 814 
•aie highly significant quadratic component. The linear 
component, however, was also highly significant. 
Mean effect of ? was significant at the 0.02 level and 
also induced a curvilinear response of N uptake, as is in­
dicated "by the significant quadratic term The linear 
component had a probability level of 0.11, 
The overall N x P interaction was not significant but 
the N X P interaction reached a statistical significance g. g. 
at the 0.05 level. This indicates that the curved relation­
ship between N accumulation and the rate of P is dependent 
on the IT level in a complex manner. 
The effects of the M x N and M x P interactions on the 
average as well as the one degree of freedom interaction 
terms individually were not significant» 
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The highest observed value of If accumulation in 
Table 4.47 was 261 kg N/ha and occurred when fertilizers 
were deeply banded in combinations of 448 and 179 kg/ha of 
N and P, respectively, For the broadcast treatments, the 
maximum value of N accumulation was 246 kg/ha at fertiliza­
tion rates of 179 kg/ha of IT and 45 kg/ha of P. These two 
observed maxima did not differ significantly. 
Table 4,49. Analysis of variance of N yield data for 
testing the assumed model of concurrent second 
degree polynomials, transformed data of Deep 
Banding Experiment III, 1971 
Sources of variation Degrees of 
freedom 
Mean squares Probability 
levels 
Replicates 3 1209 0.22 
Treatments 31 2402 <0.01 
Regression 10 6066 <0,01 
Deviations 21 657 0.67 
Error 93 814 
Total 127 1211 
The "goodness of fit" test in Table 4.49 indicates 
that the concurrent model is consistent with the data. The 
partial regression coefficients are presented in Table 4.50, 
which show that the response of the accumulation of N to 
deeply banded lî was linear and highly significant. Deeply 
Table 4.50. Values and significances of partial regression coefficients relat 
ing the N accumulation by soybeans up to growth stage 8.5 to 
method of application and N and P fertilizers, Deep Banding 
Experiment III, 1971^  
Factors Deep banding Broadcasting Differences 
b,. Probabili- ïïTJ Probaoili- b,.-b. . irobabili-
ty levels ty levels ty levels 
Intercept 177.17 <0.01 177.17 <0.01 
N 0.23561 <0.01 0.36645 <0.01 -0.13083 0.22 
-0.00025 0.17 -0.00053 <0,01 0.00028 0.24 
P 0.14520 0.08 0.23882 <0.01 -0.09362 0.61 
p2 
-0.00021 0.25 -0.00043 0.02 0.00022 0.64 
NP -0.00007 0.55 -0.00016 0,18 0.00008 0,60 
r2 = 0.394 
The test for 1st order autocorrelation of residuals was not significant. 
The significance of the partial regression coefficients and their differences 
was tested using the error variance estimated from the deviations from regres­
sion of the transformed data, i.e. 817 with 114 degrees of freedom. 
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•faanded P also had a positive linear influence on N accumula­
tion "but its effect had a probability level of 0,08, 
Responses of IT accumulation to both broadcast IT and broad­
cast P were curvilinear, as suggested by a highly signifi­
cant quadratic term for the P variable. The linear terms 
for both IT and P were highly significant. 
All partial regression coefficients involving broadcast 
treatments are consistently larger positive or negative than 
the corresponding coefficients for deeply banded fertilizers 
but the differences are not likely to be real (low probabil­
ity levels), 
Pig, 4,6 shows that the isoquants derived from the 
predicted IT accumulation function for deeply banded fertil­
izers have an elliptic nature. The isoguant for 200 kg/ha 
of IT shows that this IT accumulation could be obtained with 
either deeply banded IT or P alone but 230 kg N/ha could not 
be accumulated by soybeans without deeply banded IT» The 
approximate 95^  confidence belt of this isoguant ranged from 
- 16 to - 25 kg IT/ha, depending on the rates of N and P, 
The maximum mean predicted IT uptake of 249 - 10 kg/ha of IT 
was obtained at rates of 448 and 271 kg/ha of deeply banded 
N and P, respectively. The isoquants reflect nutrient sub­










500 400 448 300 100 200 P(kg/ho) 
Isoquants in kg per ha 
Limits of area investigated 
Approximate lower confidence limit of 
isoquant 230 (the upper limit includes 
the point) 
Figure 4.6 Isoquants for N yield in soybeans at growth 
stage 8#5 derived from the prediction 
equation with deeply banded U and P, Deep 
Banding Experiment III, 1971 
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Isoquants obtained from the predicted N accumulation 
function for broadcast fertilizers are also of the elliptic 
type (Fig. 4.7). They illustrate that U accumulation was 
increased by as much as 13 kg E/ha when broadcast P was in­
creased from 0 to 140 kg/ha at zero E application. 
Nitrogen accumulation also increased 13 kg/ha when 
broadcast N was raised from 0 to 50 kg/ha at zero P appli­
cation. The nutritional substitution in terms of IT accumu­
lation between N and P is clear, but its rate is variable. 
The predicted maximum mean E uptake was 261 - 9 kg N/ha at 
rates of 310 and 220 kg/ha of N and P, respectively, and the 
approximate 955^  confidence limit of the 230 isoquant ranged 
between -15 and i 22 kg N/ha, depending on the rates of N 
and P. 
Table 4,51. Analysis of variance of N yield in soybeans 
for testing the concurrent quadratic model 
for efficiency estimation on transformed data 
of Deep Banding Experiment III, 1971 
Sources of variation Degrees of Mean squares Probability 
freedom levels 
Replicates 3 1209 0.22 
Treatments 31 2402 < 0,01 
Regression 7 8068 < 0.01 
Deviations 24 750 0,56 
Error 93 814 
Total 127 1211 
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448 500 400 300 200 100 P(kg/ho) 
Is o quants in kg per ha 
Limits of area investigated 
Projected line of intersection of the two 
production surfaces 
Approximate lower and upper confidence limits 
of isoquant 230 
Figure 4.7 Isoquants for IT yield in soybeans at growth 
stage 8.5 derived from the prediction equation 
with broadcast IT and P, Deep Banding Experi­
ment III, 1971 
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The "lack of fit" analysis, presented in Table 4.51 
indicates that the quadratic model for the evaluation of 
the relative efficiencies, discussed in Section 3.6, is 
consistent with the data. 
The values of the partial regression coefficients for 
Table 4.52. Values and significances of partial regression 
coefficients of the quadratic model for 
efficiency estimation of the N accumulation by 
soybeans, Deep Banding Experiment III, 1971 
Factors , Partial recession Standard Probability 


































R = 0.391 
The significance of the partial regression coeffi­
cients was tested using the error variance estimated from 
the deviation from regression of the transformed data, i.e. 
801 with 117 degrees of freedom. Basically, the estimated 
parameters are not normally distributed. The large number 
of degrees of freedom of the error mean square, however, 
makes this t test a valid approximation. 
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the tesnos including N and P in Table 4» 52 are again 
practically the same as the corresponding b values for 
"broadcast fertilizers in Table 4.50, All the differences 
are within the standard error. The relative efficiency 
coefficient of the N accumulation for deeply banded N is 
0.51 - 0.17, whereas the relative efficiency coefficient 
of the N uptake for deeply banded P is 0,86 - 0.20» Both 
are highly significant. This means that 51 kg/ha of broad­
cast N was as efficient as 100 kg/ha of deeply banded N for 
the N accumulation by soybeans. 86 kg/ha of broadcast P 
induced the same H accumulation as 100 kg/ha of deeply 
banded P. 
Effects of F and P fertilizers and method of application on 
P accumulation by soybeans; 
An effect of IT fertilization was that 179 kg/ha of N 
increased the P accumulation by 3»3 kg P/ha, probably due to 
enhanced plant growth (Table 4.53). Table 4.54 indicates 
that the mean positive effect of N fertilization on the P 
uptake in soybean plants was highly significant. The highly 
significant quadratic term gives evidence of a curvilinear 
relationship. 
Phosphorus fertilization raised the uptake of P even 
to a larger extent. 448 kg of P increased the P accumula­
tion by 10.3 kg, which is 70^  more than the accumulation 
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Table 4*53. Average accTunulation of P by "Hark" soybeans 
at growth stage 8.5, as influenced by the rates 
of K and P fertilizers and method of applica­
tion, Deep Banding Experiment III, 1971 
Hates (kg/ha) Accumulation of P (ks/ha)^  
Deep banding of Broadcasting of 
N P fertilizers fertilizers 
0 0 12.9 13.5 
0 45 14.8 16.9 
0 179 17.5 22.1 
0 448 22.5 21.9 
45 0 13.8 14.3 
45 45 16.2 17.9 
45 179 18.2 20.9 
45 448 24.3 27.2 
179 0 15.9 16.5 
179 45 17.4 20.2 
179 179 22.0 23.8 
179 448 25.0 27.5 
448 0 14.6 17.0 
448 45 17.5 18.2 
448 179 21.9 22.9 
448 448 25.7 27.3 
Means 18.8 20.5 
O^riginal data. 
l^eaat significant difference at 0,05 level between 
two method of application means within a given fertilizer 
combination is 3,4 kg/ha, between two means for different 
fertilizer combinations at either method of application is 
4.1 kg/ha. 
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Table 4*54. Analysis of variance of the data of P accumula­
tion by "Hark" soybeans at growth stage 8.5, 
Deep Banding Experiment III, 1971 








q^uadratic ^^ q^  
c^ubic (^ c^  
linear ^  1^  





































Method of fertilizer 




m.p^  1 
1 Q. 
interactions 8 














I^nteractions of 1 degree of freedom not significant 
at 0.25 probability levels are combined, where appropriate. 
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without P fertilization. The highly significant quadratic 
term indicates a curvilinear relationship. 
Soybean plants that had received broadcast fertilizers 
accumulated 9^  (1.7 kg/ha) more P than plants that were 
fertilized by the deep banding method and the difference 
was highly significant. 
The highest P accumulation with the deep banding 
method was observed at a fertilizer combination of 448 kg/ha 
of F and P (Table 4.53). With the broadcast method the 
hi^ est P accumulation was obtained with a combination of 
179 kg/ha of IT and 448 kg/ha of P. Por both methods of 
fertilization hi^  rates of N and P were required for maxi­
mum P accumulation. 
The "lack of fit" test in Table 4.55 indicates that the 
Table 4.55. Analysis of variance of P yield data for test­
ing the assumed model of concurrent second 
degree polynomials, transformed data of Deep 
Banding Experiment III, 1971 
Sources of variation Degrees of Mean squares Probability 
freedom levels 
Eeplicates 3 3.60 0.59 
Treatments 31 43.20 < 0,01 
Regression 10 127.67 < 0*01 
Deviations 21 2.98 0*95 
Error 93 5.7 
Total 127 14.8 
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concurrent quadratic model is consistent with the data. 
A significant linear relationship exists "between the 
response in P accumulation and both the deeply banded N and 
P, as is shown in Table 4.56. The partial regression 
coefficients for the quadratic N term had a probability 
level of 0,09s hut the coefficients for the quadratic P 
term and the N x P interaction were insignificant. 
Responses of P accumulation to broadcast fertilizer 
were curvilinear for both N and P effects, but the coeffi­
cient for the N X P interaction was not significant. The 
differences between the regression coefficients were not 
significant except for the terms of the P effect. The lin­
ear partial regression coefficient for broadcast P is sig­
nificantly larger than the one for deeply banded P. The 
partial regression coefficient for the quadratic P term for 
broadcast is larger negative than the one for deep place­
ment and the difference has a 0.06 probability level. 
Isoquants derived from the predicted P accumulation 
function for deeply banded fertilizers have an elliptic 
nature, as shown in Pig. 4.8. A P uptake of 16 kg/ha was 
obtained with 221 kg/ha of N or with 92 kg/ha of P. The 
accumulation of 24 kg/ha of P, however, could not be ob­
tained with only P fertilization. The predicted mean 
maximum uptake of P was 26 - 1 kg at rates of 354 kg/ha of 
Table 4.56* Values and significances of partial regression coefficients relat­
ing the P accumulation "by soybeans up to growth stage 8,5 to 
method of application and N and P fertilizers, Deep Banding Exper­
iment III, 1971& 
Factors Deep "banding 
b.. Probabili-
 ^ ty levels 
Broadcasting 
"BTI Probabili- b^ j-b 
ty levels 
Differences 




































The test for 1st order autocorrelation of residuals was not significant. 
The significance of the partial regression coefficients and their differences 
was tested using the error variance estimated from the deviations from regres­
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Limits of area investigated 
Approximate lower and upper confidence 
limits of is0quant 22 
Pigure 4.8 Isoquants for P yield in soybeans at growth 
stage 8.5 derived from the prediction 
equation with deeply banded H" and P, Deep 
Banding Experiment III, 1971 
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If and 448 kg/ha of P at the limits of the area of investiga­
tion. The rate of substitution of N for P and vice versa 
was variable. The 95^  confidence limit of the 22 kg/ha 
isoquant within the area of investigation ranged from ^ 1.7 
toi 2,1 kg/ha, depending on the rates of N and P. 
Contours for the P uptake from broadcast fertilizers 
are portrayed in Pig. 4.9. They show that 16 kg/ha of P was 
accumulated with 110 kg/ha of N or with 65 kg/ha of P. 
These rates are approximately one half of the fertilizer 
rates that were needed when the deep banding method was 
used. Por an uptake of 28 kg/ha of P, however, large rates 
of N and P fertilizers were needed and the^ 'substitution 
rates of N for P and vice versa were more variable than in 
the case of deeply banded fertilizers. The predicted mean 
Tnpy-imuTv accumulation was found within the area of investi­
gation and mounted to 29 1 kg P/ha at rates of 285 kg/ha 
of N and 397 kg/ha of P. This predicted maximum amount was 
12fo (3 kg/ha of P) more than the corresponding amount for 
deeply banded fertilizers. The approximate 95$^  confidence 
limits of isoquant 22 ranged between - 1 o 5 and i 2.5 kg P/ha, 
depending on the fertilizer rates of N and Po It is inter­
esting to note that the two predicted surfaces of P uptake 
do not intersect, meaning that in this case the broadcast 
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Limits of area investigated 
Approximate lower and upper confidence limit 
of is0quant 22 
Pigure 4.9. Isoquants for P yield in soybeans at growth 
stage 8.5 derived from the prediction 
equation for "broadcast K and P, Deep Banding 
Ei^ eriment III, 1971 
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Table 4» 57. Analysis of variance of P yield data for 
testing the concurrent quadratic model for 
efficiency estimation on transformed data of 
Deep Banding Experiment III, 1971 
Sources of variation Degrees of Mean squares Probability 
freedom * levels 
Replicates 3 3.60 0.59 
Treatments 31 • 43.20 < 0.01 
Regression 7 179.60 < 0,01 
Deviations 24 3o42 0.91 
Error 93 5.75 
Total 127 14.84 
The "lack of fit" test in Table 4»57 bears out that 
the concurrent quadratic model for efficiency estimation is 
consistent with the data. The coefficients are given in 
Table 4*58. 
Partial regression coefficients for the terms includ­
ing If and P are approximately equal to the corresponding 
coefficients for broadcast fertilizers, discussed earlier, 
and the differences are within the range of the standard 
errors. An exception is the partial regression coefficient 
for the N X P interaction term. This term, however, is 
small and virtually insignificant. 
The efficiency of deeply banded 1Î on the P accumulation 
is 0.9 - 0.2 and the efficiency of deeply banded P is 0,48 * 
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lable 4.58. Values arid significances of partial regression 
coefficients of the quadratic model for 
efficiency estimation of the P accumulation "by 
soybeans, Deep Banding Experiment III, 1971 
Factors Partial regression Standard Probability 


































R = 0.673 
T^he significance of the partial regression coeffi­
cients was tested using the error variance estimated from 
the deviation from regression of the transformed data, i.e. 
5o27 with 117 degrees of freedom. Basically, the estimated 
parameters are not normally distributed. The large number 
of degrees of freedom of the error mean square, however, 
makes this t test a valid approximation. 
0o08. (Oiis latter value seems to be somewhat too low, since 
from theoretical considerations its value should equal or 
exceed 0.5. If one considers the standard error, however, 
the estimate of this coefficient can be considered to be 
within the range of values. The calculated values indicate 
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that on the average 90 kg/ha broadcast F was as effective 
as 100 kg/ha of deeply banded N in enhancing the P accumala-
tion by soybeans. 48 kg/ha of broadcast P was as effective 
in increasing the P accumulation by soybeans as 100 kg/ha of 
deeply banded P. 
4.4. Deep Banding Experiment IV, 1971 
Treatments imposed in this experiment consisted of 0, 
45, 179 J and 448 kg/ha of U" that were broadcast and plowed 
under, and 0, 22.5, 89.5, and 224 kg/ba of N, that were 
deeply banded at approximately 51 cm depth. In the latter 
method the plow layer was not fertilized with If-
Preliminary statistical analyses of the data, that 
quantitated the plant characteristics discussed below, re­
vealed that linear models adequately described the responses 
to N for both methods of fertilizer application over the 
range of fertilizer rates employed. Therefore the model of 
concurrent strai^ t-line responses was selected. The common 
intercept was chosen for reasons explained earlier. Controls 
were included to estimate the effect of uniformly broadcast 
P at a rate of 45 kg/ha. 
Effects of N and method of application on grain yield of 
soybeans; 
Marked increases in grain yield were obtained from 
both broadcast and deeply banded H" (Table 4.59)« They were 
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Table 4.59. Average grain yield of "Hark" soybeans, as 
influenced by the rates.of IT.and P fertilizers 
and method of application, Dôep Banding 
Experiment IV, 1971®" 
Deep banding method Broadcasting method Broadcast P 
N rates Gra,in yield N rates Grain yield (kg/ha) 
(kg/ha) (kg/ha)° (kg/ha) (kg/ha)° 
0 2375 0 2347 0 
0 2680 0 2643 45 
22.5 2729 45 2709 45 
89.5 2848 179 2849 45 
224 2954 448 2987 45 
A^verages of five replications. 
"^ Least significant difference for comparing two means 
in any given line is 78 kg/ha. Least significant difference 
for comparing two means between lines within or between 
columns is 107 kg/ha. 
both linear but responses to deeply banded N were considera­
bly larger than those to broadcast N, as is shown in Table 
4.60. An additional one kg/ha of IT deeply banded highly 
significantly increased the yield of grain by 1.23 kg/ha, 
while an equivalent rate of broadcast IT highly significantly 
increased the yield by only 0.71 kg/ha. Deeply banded IT was 
1.7 - 0.4 times as effective as the same amount of broadcast 
IT. The difference in response between the two methods of 
fertilizer application, 0*522 kg/ha of grain, was signifi­
cant at the 0.11 probability level (one-tailed test). 
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Table 4.60. Values and significances of linear regression 
coefficients and the relative efficiency 
coefficient relating the grain yield of soybeans 
to the method of application of N, Deep Banding 
Experiment IV, 1971 
Variates Coeffi­ Coefficient Standard Probability 
cients values errors levels 
Deeply banded F D^îî 1.240 0.427 <0.01 
Broadcast lî 0.717 0.214 <0.01 
Difference 
between co­ 0.523 0.413 0.11^  
efficients 
Efficiency D^l/^ BN 1.728 0.468 
coefficient 
Intercept to 2688 42 <0.01 
Control tc 2351 69 <0.01 
degressions performed on transformed data, that were 
corrected for correlation. The test for first order auto­
correlation was not significant. The significances of the 
partial regression coefficients and their differences were 
tested using the error variance estimated from the deviations 
from regression of the transformed data, i.e. 13483, with 
40 degrees of freedom. 
O^ne-tailed test. 
Broadcasting of 45 kg P/ha highly significantly raised 
the yield level "by 336 - 8l kg/ha, as was estimated by the 
intercept. This indicates that the supply of P also was 
limiting yields on the control plots, i.e. 2351 - 69 kg/ha. 
The "goodness of fit" test, presented in Table 4.61 
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Table 4.61. Analysis of variance of grain yield data for 
testing the assumed model of concurrent 
straight lines, transformed data of Deep 
Banding Experiment IV, 1971 
Sources of variation Degrees of Mean squares Probability 
freedom levels 
Replicates 4 39562 0.06 
Treatments 9 77086 < 0*01 
Regression 3 225812 <0,01 
Deviations 6 2723 0,98 
Error 34 15382 
Total 47 29255 
Table 4.62. Average yield of dry matter of "Hark" soybeans, 
as influenced by the rates of N.and P fertil­
izers and method of application. Deep Banding 
Experiment IV, 1971^  
Deep banding method Broadcasting method Broadcast P 
ÎÎ rates Dry matter N rates Dry matter (kg/ha) 
(kg/ha) (tons/ha)^  (kg/ha) (tons/ha)^  
0 4.820 0 4.925 0 
0 5.483 0 5.576 45 
22.5 5.573 45 5.852 45 
89.5 6.280 179 6.390 • 45 
224 6.885 448 6,417 45 
A^verages of five replications. 
L^east significant difference for comparing two means 
in any given line is 0.329 tons/ha. Least significant 
difference for comparing two means between lines within or 
between columns is 0.387 tons/ha. 
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Table 4,63, Values and significances of linear regression 
coefficients and the relative efficiency coef­
ficient relating dry matter accumulation of 
soybeans up to growth stage 8.5 to the method 
of aDTDlication of K, Deep Banding Experiment 
IV, 1971^  
Variates Coeffi­ Coefficient Standard Probability 
cients values errors levels 
Deeply banded I? 0.00594 0.00150 <0.01 
Broadcast E °BIî 0.00196 0.00075 0.01 
Difference 
between co­ D^If""°BN 0.00398 0.00145 <0.01 
efficients 
Efficiency D^Iî^ BN 3.029 0.00229 
coefficient 
Intercept 0^ 5.643 <0.01 
Control 0^ 4.809 <0.01 
degressions performed on transformed data that were 
corrected for correlation. The test for first order auto­
correlation was not significant. The significances of the 
partial regression coefficients and their differences were 
tested using the error variance estimated from the devia­
tions from regression of the transformed data, i.e. 0.254, 
with 40 degrees of freedom. 
indicates that the concurrent straight lines model is con­
sistent with the data. 
Effects of N and method of application on growth character­
istics of soybeans : 
Dry matter accumulation was affected by N fertilization 
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(Table 4.62). Deeply banded N as well as broadcast IT highly 
significantly increased dry matter yield. The relationship 
was linear, as shown in Table 4.63. One kg/ha of deeply 
banded N enhanced dry matter production by Go 006 - 0,002 
tons/ha, which was highly significantly more than the 
0.002 i 0.001 tons/ha increase for 1 kg/ha of If broadcast. 
Deeply banded N was 3 — 0.002 times as effective for in­
creasing growth as broadcast IT. 
Phosphorus supply also limited growth, since 45 kg/ha 
of P hi^ly significantly raised the dry matter accumulation 
above that of the controls (4.809 tons/ha, Table 4.63) at 
growth stage 8.5 by 0.834 - 0.285 tons/ha, as estimated by 
the intercept. 
Table 4.64. Analysis of variance of dry matter yield data 
for testing the assumed model of -concurrent , 
straight lines, transformed data of Deep 
Banding Experiment 17, 1971 
Sources of variation Degrees of 
freedom 
Mean squares Probability 
levels 
Replicates 4 0.013 Oo99 
Treatments 9 1.231 < 0.01 
Regression 3 3.372 < 0.01 
Deviations 6 0.161 0.71 
Error 34 0. 270 
Total 47 0.432 
177 
The "lack of fit" was tested (Table 4o64) and indi­
cated that the concurrent strai^t line model was consis­
tent with the data. 
Effects of N and method of application on the N accumolati^ 
of soybeans ; 
Amounts of N acciimulated by soybean plants up to pod 
filling stage were affected by N fertilization (Table 4.65). 
Combined N highly significantly enhanced N assimilation with 
both application methods, as shown in Table 4.66. Deep 
banding, however, was the most effective method and linearly 
Table 4.65. Average accumulation of U by "Hark" soybeans 
at growth stage 8.5 as influenced by the rates 
of N and P fertilizers and method of applica­
tion, Deep Banding Experiment 17, 1971 
Deep banding method Broadcasting method Broadcast P 
K rates N yield, K rates N yield, (kg/ha) 
(kg/ha) (kg/ha) (kg/ha) (kg/ha) 
0 147 0 159 0 
0 182 0 214 45 
22.5 194 45 202 45 
89 0 5 213 179 235 45 
224 254 448 229 45 
^Averages of five replications. 
^Least significant difference for comparing two means 
in any given line is 17 kg/ha. least significant difference 
for comparing two means between lines within or between 
columns is 17 kg/ha. 
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'Table 4.66, Values and significances of linear regression 
coefficients and the relative efficiency coef­
ficient relating N accumulation of soybeans up 
to growth stage 8,5 to the method of applica­
tion of îî, Deep Banding Experiment IV, 1971®' 
Variates Coeffi­ Coefficient Standard Probability 
cients values errors levels 
Deeply banded IT 0,233 0.057 <0.01 
Broadcast N 0,088 0.028 <0.01 
Difference 
between co­
"^DK'^BN 0.145 0.055 <0.01 
efficients 
Efficiency 2,655 0.079 
coefficient 
Intercept to 198,5 19o2 <0.01 
Control tc 149.1 9.2 <0.01 
degressions performed on transformed data that were 
corrected for correlation. The test for first order auto­
correlation was not significant, zhe significances of the 
partial regression coefficients and their differences were 
tested using the error variance estimated from the devia­
tions from regression of the transformed data, i.e. 811, 
with 40 degrees of freedom. 
increased N accumulation "by 0,23 kg/ha per 1 kg/ha of N 
fertilizer compared to a linear increase of 0,09 kg/ha per 
1 kg/ha of N broadcast. Deeply handed N was 2,6 times as 
effective as "broadcast K and the difference between the 
linear regression coefficients was highly significant. 
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Broadcast P at a rate of 45 kg/ha highly significantly 
increased N accumulation by 49 - 11 kg/ha of N, as estimated 
"by the difference "between the intercept and the control. 
The latter accumulated 149 - 32 kg/ha of N. 
The "lack of fit" test, given in Table 4»67, indicates 
that the concurrent straight lines model was consistent 
with the data. 
Table 4.67* Analysis of variance of N yield data for 
testing the assumed model of concurrent 
straight lines, transformed data of Deep 
Banding Experiment I"V, 1971 








4 650 0.95 
9 5013 < 0,01 
3 17355 <0.01 




4.5. Pneiomatic Deep Placement Experiment 
Modulating and non-nodulating soybean isolines were 
chosen in this experiment to evaluate the placement effects 
of selected fertilizer combinations of 0 and 448 kg IT/ha 
with 0, 112, and 224 kg P/ha. Some experimental sites were 
irrigated and the readers attention is called to Table 3.3 
for a detailed reference to the treatments. In this Section 
deep placement of N refers to the treatment in which 448 
kg/ha. of N was injected 53 cm deep into the soil. Deep 
placement of P refers to the split treatment in which 112 
kg/ha of P v/as placed 53 cm deep in the soil and 112 kg/ha 
of P was applied on the surface and mixed with the plow-
layer . 
Emergence and early growth of both isolines were alike 
and normal. At approximately the beginning of flowering, 
49 days after planting, the leaves of the non-nodulating 
soybeans started to change from a green color to yellowish-
green. This effect was due to N deficiency and was most 
pronounced in check plots and in plots fertilized with P. 
Where N had been placed in the subsoil, the leaves yellowed 
slightly for a few days, but turned back to green as 
flowering progressed. This indicated that the deeply placed 
K was available for the plants. On the plots which had 
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received a broadcast treatment of K the leaves of the non-
nodulating soybeans stayed dark green throughout the growing 
season. A hail storm damaged the crop at approximately 
growth stage 2. However, the soybean plants recovered and 
plant sampling was performed at the end of the flowering 
period. August was relatively warm and dry. These con­
ditions raised the moisture stress at Ames up to 20.6 (Dr. 
E. E. Shaw, private communication) compared to aa average 
value over 16 years of 12.1 (Shaw and Felch, 1972). Dif­
ferences in the growth of the crop on the irrigated and non-
irrigated plots became apparent during this dry period. 
Effects of broadcast and deep placement, fertilizer treat­
ments , and irrigation on growth and yield of soybeans : 
The mean yields of dry matter and grain of nodulating 
and non-nodulating soybean isolines A 62-3 and A 62-4 are 
presented in Table 4.68 and the responses as differences 
between the fertilizer treatments are given in Table 4.69. 
Duncan's new multiple-range test (Duncan, 1955) indi­
cated that the only significant impact on dry matter pro­
duction of nodulating soybeans was the negative response of 
1.41 tons/ha to broadcast N. When N was broadcast with P, 
its negative effect on growth was considerably reduced. 
Deeply placed N decreased vegetative growth but a positive 
response was obtained when both ÎT and P were placed deep 
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Table 4.68. Mean yields of dry matter and grain of nodu-
lating (nod) and non-nodulating (non-nod) soy­
bean isolines, as affected by treatments, 
Pne-umatic Deep Placement Experiment, 1971 
Section Treatment Dry imtter (tons/ha) Grain yield (k^/ha) 
symbols^ Nod Hon-nod Nod Kon-nod 
1 Cd 3.20 ab 2.53 be 2350 fg 1599 c 
^d 2.70 be 2.48 be 2422 efg 2519 b 
& 3.11 ab 2.85 abc 2511 defg 1698 c 
% 3.41 ab 3.23 ab 2873 bed 2786 ab 
2 I-Cd 3.38 ab 2.78 be 2670 bcdef 1547 c 
2.97 abc 2.92 abc 2809 bede 2846 ab 
I-^d 3.60 a 3,04 abc 3009 b 1773 c 
i-Vd 3.18 ab 3.85 a 3538 a 
(M ro a 
3 2.58 be 2,50 be 2368 fg 1670 e 
% 1.71 d 1,42 d 2214 g 1913 c 
^b 3.11 ab 2,97 abc 2617 bcdefg 1914 c 
Vb 2,22 cd 2,13 cd 2509 defg 2696 b 
4 pyz 3.14 ab 3,04 abc 2577 cdefg 1704 c 
% 3.27 ab 3.00 abc 2975 be 2919 ab 
^eans in columns followed by the same letter are not 
significantly different at the 0,05 level, 
^Description of treatment symbols: 
Gy = broadcast control. = deep placement control, 
= 448 kg N/ha broadcast. = 448 kg N/ha deeply placed. 
?^/2 = 112 kg P/iia broadcast, = 224 kg P/ha broadcast, 
P^ = 224 kg P/ha, deeply placed + à broadcast. 
I = furrow irrigated. 
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Table 4.69. Mean responses of dry matter and grain yield 
of nodTilating (nod) and non-nodulating (non-
nod) soybean isolines, as affected by treat­










0.00 0.00 0 0 
& -0.50 -0.05 72 920* 
-0.09 0.31 161 99 
% 0.21 0.70 523* 1187* 
1-C4 0.00 0.00 0 0 
i-Ha -0.41 0.14 139 1299* 
0.22 0.26 339 226 
—0.20 1.07* 868* 1693* 




0.53 0.47 249 244 
Vi —0. 36 -0.37 141 1026* 
V2 0.56 0.54 209 34 
% 0.08 0.47 625* 1320* 
^Description of the treatment symbols: 
= broadcast control. = deep placement control. 
= 448 kg N/ha broadcast. = 448 kg N/ha deeply placed. 
P^/2 = 112 kg P/ha broadcast.P^ = 224 kg P/ha broadcast, 
P^ = 224 kg P/ha, & deeply placed 4 i broadcast. 
I = furrow irrigated, 
Significant response at the 0.05 probability level. 
184 
and the crop was not irrigated. On the average, P had 
a favorable effect on dry matter accumulation. The small 
negative effect of deeply placed P obtained in one instance 
was counterbalanced by the advantageous affects of P in the 
other treatments. 
Dry matter production of non-nodulating soybeans showed 
similar responses to P but responses to îT were different. 
Broadcast N significantly decreased the dry matter produc­
tion whereas deeply placed ÎÎ increased the yield of dry 
matter somewhat under irrigated conditions. Deep placement 
of ÎÎ together with P significantly increased the yield of 
dry matter of the irrigated non-no dulating soybeans. On the 
average the growth responses of nodulating and non-nodula­
ting soybeans from broadcast P were larger than from deeply 
placed P. 
The deleterious effect of broadcast K was thought to 
be largely due to the sensitivity of the lines A 62-3 and 
A 62-4 to fertilizer "bum". Where N was broadcast, the 
emergence of both lines was delayed for approximately four 
days and the stand was irregular. These isolines appeared 
to be far more sensitive to injury from hi^ rates of N 
fertilizer than the "Hark" variety, used in experiments in 
previous years. The latter variety had never shown, these 
symptoms even at hi^er rates of N fertilization. However, 
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the STirviving nodulating and non-nodulating plants recovered 
and grew vigorously. 
The grain yields showed more variations. The multiple-
regression equations, expressing the yields of grain as a 
function of broadcast P, are shown in Fig. 4.10. The graphs 
are self-explanatory and suggest that indeed P was limiting 
and that high rates of P were needed for maximum responses. 
The concave shape of the response curve of the non-nodu­
lating soybeans to P is unexplained. 
Grain yields of nodulating soybeans responded little 
to deeply placed N but the responses from the combination 
of deeply placed N and P were significant and larger than 
from N or P alone. The interaction effect was not statisti­
cally significant. Deep placement of N enhanced the mean 
grain yield by 72 kg/ha, whereas deep placement of P raised 
the yield by 161 kg/ha. Irrigation raised these responses 
considerably. Responses to deep placement of IT, P, and N 
with P with irrigation were respectively 939^> 115^» and 64^ 
more than the corresponding responses without irrigation. 
The mean response to broadcast P (249 kg/ha) was 55/^ more 
than the mean response to deeply placed P. The largest 
yield response of the treatments without irrigation was 
obtained by broadcasting P, but placing N deep. This treat­
ment increased the mean yield by 625 kg/ha, whereas deep 
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Figure 4.10. Grain yield of nodulating and non-nodulating 
soybeans as influenced by P levels with the 
equations in second degree polynomials 
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placement of N with P increased the mean yield only 523 
kg/ha. 
The grain yield of the non-nodulating soybeans was 
influenced even more by the fertilizer treatments than the 
grain yield of the nodulating isoline. Deep placement of N 
and N plus P consistently increased the average yield 
significantly, whereas the responses to "broadcast N were 
significant only if P also was applied. Irrigation also 
increased the yield responses to fertilization. Mean 
responses to deeply placed N, P, and U" with P were, respec­
tively, 41^, 147^9 and 43^ more than the corresponding mean 
yields of the non-irrigated plots. Comparing the responses 
between the two different methods of fertilizer application, 
it became apparent that deep placement of N promoted larger 
yield responses than broadcast. Broadcast P induced a mean 
response that was 146^ more than the mean response obtained 
when P was placed deep. The largest grain yield responses 
of non-nodulating soybeans in the absence of irrigation were 
obtained by placing N deep and broadcasting P, as was found 
also for the nodulating soybeans. 
Effects of deeply placed N and P, and irrigation on 
growth and yield of soybeans: The employ of Duncan's 
multiple comparison procedure offered the advantage that 
all treatment means of the total Pneumatic Deep Placement 
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Experiment could te compared. A price was paid, however, 
"by the small niuaber of differences declared significant, 
therefore the data were also statistically analyzed by the 
more powerful method of orthogonal single degree of freedom 
comparisons with hidden replications. ?or this purpose this 
experiment had heen designed in such a way that the data 
from Sections 1 and 2, indicated in Table 4.68, as well as 
the data from Sections 1 and 3 could be statistically 
analyzed in sets of 7 orthogonal comparisons as 2 x 2 x 2 
factorial experiments. 
Average dry matter and grain responses to deeply placed 
N and P, and irrigation, estimated from the data in Sections 
1 and 2 of Table 4.68 and their level of significance are 
listed in (Table 4.70. 
The statistical analysis for nodulating soybeans alone 
revealed that deep placement of N and P, and irrigation 
influenced growth but their effects were not significant. 
The growth of non-nodulating soybeans was highly 
significantly enhanced by deeply placed P only. Deep place­
ment of P raised dry matter production by 21^ (0.58 ton/ha). 
Deeply placed and irrigation increased the dry matter 
production, but these effects were not statistically 
significant. 
The yields of dry matter of nodulating and non-nodu-
lating soybeans were pooled and rearranged in the initial 
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Table 4%70. Responses in dry matter and grain yield of 
nodulating and non-nodulating soybeans to 
deeply placed F and P and irrigation. Pneumatic 
Deep Placement Experiment, 1971 
Compar- Degrees Dry matter Grain 
isonsS- of Responses, Probability Responses Probability 
freedom (tons/ha) levels (kg/ha) levels 
Nodulating soybeans 
^d 1 -0.26 0.16 275 <0.01 
^d 1 0.26 0.15 420 < 0.01 
Vd 1 0.20 0,28 170 0.06 
I 1 0.18 0.32 467 < 0.01 
1 —Oo 16 0.61 58 0.52 
I-^d 1 -0.05 0.79 144 0.20 
:-Vd 1 -0.20 0.27 25 0.77 
Error 21 0.252 60036 
îîon-nodulating soybeans 
^d 1 0.32 0.11 1193 < 0.01 
^d 1 0.58 <0.01 247 <0.01 
% 1 0.28 0.17 84 0.27 
I 1 0.37 0.07 201 0.01 
1 0.15 0.55 190 0.02 
I-fd 1 0.03 0.86 64 0.60 
I-Vd 1 0.06 0.76 0 • 0.99 
Error 21 0.307 43977 
^Description of symbols; 
= 44.8 kg K/ha deeply placed. 
P^ = 224 kg P/ha, "i" deeply placed + ^ broadcast. 
I = furrow irrigated. 
^Responses are averaged across all levels of other 
listed treatments. 
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split-plot design and statistically analyzed, "because the 
experimental error variances of the nodulating and non-
nodulating soybeans were approximately equal. The analysis 
of variance (Table 4.71) showed that the overall positive 
effect of deeply placed ? on the dry matter accumulation 
was highly significant. The differences in dry matter 
production between the two isolines as well as their dif­
ferential growth responses to deeply placed N were signif­
icant. The amount of dry matter accumulated by nodulating 
soybeans (3.19 ton/ha) was 108^ of the amoiint accumulated 
by non-nodulating soybeans. While deeply placed F tended 
to decrease the growth of nodulating soybeans (Table 4.ÎC)), 
it increased the dry matter production of non-nodulating 
soybeans by 13^ (0.32 ton/ha). 
The statistical analysis of grain yield data of nodu­
lating soybeans only showed that the nodulating soybeans 
hi^ly significantly responded to the deep placement of N 
and P, and to irrigation (Table 4.70). The average effect 
of deep placement of 448 kg/ha of IT increased the mean 
grain yield by 12^ (275 kg/ha) and deep placement of 224 
kg/ha of P enhanced the mean grain yield by 18^ (420 kg/ha). 
Irrigation influenced the mean grain yield the most and 
raised the yield by 20^ (457 kg/ha). Althou^ the x P^ 
interaction just failed to reach the conventional level of 
1S1 
Table 4.71. Combined analysis of variance of dry matter 
and grain yield data of nodulating and non-
nodulating soybean isolines as affected by 
deeply placed N and P, and irrigation. Pneu­
matic Deep Placement Experiment, 1971 
Sources of Degrees Dry matter Grain 
variatior^ of Mean Probability Mean Probability 
freedom squares levels squares levels 
Replicates 3 4.606 < 0.01 565276 < 0.01 
^d 1 0.016 0.90 8629439 < 0.01 
î^d 1 2.729 < 0.01 1776508 < 0.01 
% 1 0.898 0.12 258359 0.10 
I 1 1.212 0.08 1787248 <0.01 
1 0.001 0.97 246196 0.11 
I-^d 1 0.001 0.97 126781 0.31 
1 0.082 0.96 2430 0.94 
Srror a 21 0.363 88800 
Hod 1 0,886 0.04 4355886 < 0.01 
N^Nod 1 1.335 0.02 3371800 < 0.01 
P^jITod 1 0.360 0.18 119896 0.02 
1 0.025 0.72 29625 0.23 
I-Ebd 1 0.151 0.62 283565 <0.01 
i-rr^Nod 1 0.390 0.16 68682 0.08 
I-P^Nod 1 0.026 0.71 10124 0.50 
I-K^P^Kod 1 0.274 0.24 2488 0.73 
Error b 24 0.190 20352 
^Description of symbols-: 
= 448 kg K/ha deeply placed 
P^ = 224 kg P/ha, g deeply placed + -g- broadcast 
I = furrow irrigated 
Fod = nodulation 
192 
significance (probability level 0.06), it increased the 
grain yield by 75^ (170 kg/ha). 
The grain yields of non-nodulating soybeans showed 
similar highly significant responses to deeply placed K and 
P. Also a significant effect of irrigation and of an 
irrigation x interaction are reflected in the results. 
The mean responses to deeply placed lî and P were 755^ (1193 
kg/ha) and 1$^ (247 kg/ha), respectively. Irrigation 
increased the yield by 13^ (201 kg/ha) and the positive 
impact of an irrigation x interaction raised the yield 
by 12^ (190 kg/ha). 
An F-test revealed no heterogeneity of the experimental 
error variances in the grain yield of nodulating and non-
nodulating soybeans. Therefore the results of both soybean 
isolines were pooled into their original arrangement in a 
split-plot design and analyzed as such (Table 4.71). This 
showed highly significant positive overall effects of 
irrigation and deep placement of N and P on the grain yields. 
A generally positive x P^ interaction occurred but it was 
not significant (probability level 0.10). The grain yield 
of nodulating soybeans was 522 kg/ha greater than the yield 
of the non-nodulating soybeans, and this difference was 
highly significant. So were their differential responses 
to deeply placed IT and irrigation, whereas the differential 
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responses attributable to deep placement of P were signif­
icant at a 0,02 level. The yield of the nodulating isoline 
(2773 kg/ha) was 23^ hi^er than the yield of its non-nodu-
lating sister line. This was because the non-nodulating 
soybeans suffered from more IT deficiency. The nodulating 
soybeans response to deep placement of N represented only 
a 12^ yield increase (275 kg/ha) but the non-nodulating 
soybeans responded to N with a 75^ yield increase (1193 
kg/ha). These increases indicate that deeply placed N 
was available to the plants. Irrigation enhanced the yields 
of nodulating soybeans more than those of the non-nodulating 
line. Nodulating soybeans responded to irrigation with a 
20^ yield increase (467 kg/ha) while the non-nodulating 
soybeans showed only a 130 yield increase (201 kg/ha). 
affects of method of application of K and P fertil­
izers on growth and yield of soybeans : The dry matter 
production of nodulating soybeans as influenced by the 
method of fertilizer application of K and P is presented 
in Sections 1 and 3 of Table 4.68, and was analyzed 
statistically. Growth responses to K, P, and methods of 
application are given in Table 4.72. They reflect the 
highly significant effect of the method of fertilizer 
placement as well as the effect of F on dry matter accu­
mulation. The positive effects of P and the positive inter­
action between N and the method of fertilizer application 
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Table 4«72- Responses of dry matter and grain yield of 
nodulating and non-nodulating soybean isolines 
to different methods of application of N and P 
fertilizers, Pnetimatic Deep Placement Experiment, 
1971 
Compar- Degrees Dry matter Grain 
isons& of Responses Probability Responses Probability 
freedom (tons/ha) levels (kg/ha) levels 
Nodulating soybeans 
IT 1 -0.49 <0.01 43 0.63 
P 1 0.42 0.03 289 < 0.01 
ITP 1 0.19 0.29 84 0.65 
M 1 0.70 <0o01 111 0.21 





 1 0.57 16 0.85 
IMP 1 0.21 0.26 61 0.50 
Error 24 0.260 61030 
Non-nodulating soybeans 
IT 1 -0.40 0.12 758 <0.01 
P 1 0.56 0.03 348 < 0.01 
UP 1 0.17 0.51 177 0.15 
IS. 1 0.52 0.04 102 0.60 
m 1 0.56 0.03 246 0.05 
jflp 1 0.03 0.91 -165 0.17 
mrp 1 0.05 0.83 -92 0.55 
Error 24 0.484 112700 
description of symbols: 
IT = 448 kg If/ha. 
P = 224 kg P/ha. 
M = method of application. 
195 
were significant at the 0.03 and 0.04 levels of signifi­
cance, respectively. The overall effect of deep placement 
of fertilizers increased growth "by 27^ (0.70 ton/ha). The 
average effect of N fertilization decreased dry matter 
accTHEulation "by 19^ (0,49 ton/ha). 2he interaction "between 
N and method of application is due to the fact that broad­
casting of N had reduced the dry matter accumulation 
drastically while the influence of deeply placed K was 
within the range of the effect of the experimental error. 
The overall effect of P was a 16^ increase of the dry mat­
ter production (0.42 kg/ha) of the nodulating soybeans. 
The growth development of the nodulating soybeans 
showed similar trends (Table 4.72). Method of application 
of fertilizers had a significant effect on growth. Also 
the mean effect of P as well as the interaction of N with 
method of application were significant. The average effect 
of deep placement of fertilizers increased the dry matter 
accumulation of non-nodulating soybeans by 21^ (0.52 ton/ha) 
and an overall response of 22^  (0.56 ton/ha) was due to p. 
The interaction between the method of fertilizer application 
and N indicated that broadcast N had a detrimental effect 
on the dry matter production of non-nodulating soybeans, as 
discussed earlier. However, if the same amount of F was 
deeply placed, its effect on dry matter production was 
within the range of the experimental error. 
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The levels of significance of treatment effects on 
the dry matter production of non-nodulating soybeans were 
on the average lower than the corresponding effects on 
nodulating soybeans. This was mainly caused by the larger 
value of the error mean square for the non-nodulating soy­
bean dry matter values. !Ehe P-test, however, was not sig­
nificant and gave no evidence for heterogeneity of variances. 
The analysis of variance of the pooled results of 
nodulating and non-nodulating soybeans (Table 4.73) indi­
cated that dry matter responses to deep placement of fertil­
izers were highly significant when compared with broadcast 
placement. The overall effects of N and P, and the inter­
action of N with the method of fertilizer application were 
highly significant. On the average N decreased dry matter 
yields, whereas P had a positive effect. The interaction 
between N and method of application reflects the fact that 
deep placement of K had a favorable effect on dry matter 
accumulation, whereas broadcast N injured the crop to 
such a degree that all positive effects of N were -nulli­
fied. 
Grain yield responses of nodulating soybeans alone 
(Table 4.72) indicated a highly significant mean influence 
of P whereas the interaction between methods of application 
and N was almost significant (Probability level 0.06). 
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Table 4.73. Combined analysis of variance of dry matter and 
grain yield of nodiilating and non-nodnlating 
soybean isolines, as affected by K, P, and 
method of application, Pneiimatic Deep Placement 
Experiment, 1971 
SoTirces of Degrees Dry matter Grain 
variation^ of Mean Probability Mean Probability 
freedom squares levels squares levels 
Heplicates 3 4.772 0.01 376539 0.08 
K 1 3.136 0.01 2566848 < 0.01 
P 1 3.789 0.01 1624652 < 0.01 
IÎP 1 0.518 0.23 272017 0.17 
K 1 5.929 < 0.01 182810 0.25 
MN 1 3.633 0.01 704374 0.04 
MP 1 0.070 0.95 88699 0.46 
mp 1 0.264 0.90 3914 0.70 
Vb 1 1.813 0.08 3060291 <0.01 
Error a 24 0.525 145729 
Nod 1 1.079 0.04 2172931 < 0.01 
Mod 1 0.036 0.69 2044125 <0.01 
P-Nod 1 0.081 0.56 14041 0.54 
NP-Nod 1 0.003 0.91 34366 0.66 
M-Nod 1 0.133 0.54 373 0.92 
IflN-Nod 1 0.117 0.51 20863 • 0.54 
MP-Nod 1 0.023 0.75 132594 0.06 
MEP-Nod 1 0.097 0.53 94634 0.11 
KjP^Hoa 1 0.001 0.93 190449 0.03 
Error b 27 0.230 36078 
^Description of symbols: 
N = 448 kg N/ha. 
P = 224 kg P/ha. 
M = method of application. 
H^P, = 448 kg N/na deeply placed and 224 kg P/ha broadcast. 
Nod = nodulation. 
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Fertilization with P increased grain yield "by 12$^ (289 
kg/ha). The interaction "between K and methods of applica­
tion is consistent with the previous observations and indi­
cated that deep placement of N at the fertilization levels 
eizq>loyed was more advantageous for the crop than broadcast 
N. 
Grain yields of non-nodulating soybeans showed similar 
responses (Table 4.72). There were also highly significant 
effects of N on the mean grain yield. The overall responses 
to F and P were 46^ (758 kg/ha) and 465$ (348 kg/ha), respec­
tively. Compared with broadcast H, deep placement of N 
induced an average yield increase of 246 kg/ha, which is 
159^ of the average yield of the corresponding check plots. 
23ie grain yields of nodulating and non-nodulating 
soybeans were combined because the F-test gave no evidence 
for heterogeneity of variances. The analysis of variance 
(Table 4.73) showed highly significant effects of K and P, 
the soybean line, and the interactions between N and the 
soybean lines. The interaction between N and the -method of 
application was significant at the 0.04 level. On the 
average soybeans fertilized with K yielded 19^ more (401 
kg/ha) than those without N fertilization. The interaction 
between N and method of application indicated that the ef­
fect of F depended largely on the fertilization method used. 
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On the average the soybeans yielded 9^ (210 kg/ha) more 
when N was broadcast. The mean yield of nodulating soy­
beans was 165^ more (347 kg/ha) that that of the non-nodu-
lating sister line. The differential responses to F were 
highly sigiificant too. The overall response of non-nodu-
lating soybeans to E was I65& (357 kg/ha) more than the 
corresponding response of the nodulating line. Soybeans 
that had received ? fertilizer yielded an average of 14^ 
more grain (319 kg/ha) than those without P fertilization. 
The effects of K and P were not strictly additive as in­
dicated by the overall K x P interaction. It was a change-
in-rate type of interaction and increased the yield by an 
average of 6^ (13O kg/ha) but its effect was not signifi­
cant (probability level 0.17). 
Effects of fertilizer treatments, method of application, 
and irrigation on nodulation, le hemoglobin content of 
nodules, and on the fixing activity index; 
The effects of the various treatments on characteris­
tics related to the assimilation of Fg by the nodulating 
soybeans are presented in Table 4.74. 
The largest number of nodules was found on plants 
fertilized with P only, or with broadcast P in combination 
with deeply placed N. Duncan's test, however, indicates 
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Table 4.74. Means of nodule number and nodule weight per 
plant, relative le hemoglobin concentration, 
and Np fixing activity index per plant, as 
affected by treatments, Pneumatic Deep Place­
ment Experiment, 1971^ 
Sec— Treatment Nodules ITodule Eel le^emoglo- Up fixing 
tion symbols^ per plant wt (g) bin concn (OD) act. index 
1 Cd 38.5 abc $ 
o
 cde 183 c 77.2 cde 
^d 28.7 be 0.22 def 201 abc 44.9 def 
Pd 51.6 ab 0.48 bed 214 abc 100.4 cd 
% 35.7 abc 0.52 abc 223 abc 122.6 bc 
2 I-Cd 39.7 abc 0.50 abed 185 c 95.4 cde 
I-I^d 33.3 abc 0.17 ef 183 c 27.1 ef 
I-Pd 57.8 a 1.02 a 195 be 202.2 a 
28.8 be 0.22 def 199 abc 41.5 def 
3 ^b 31.4 be 0.23 def 186 c 39.0 def 
^b 20.8 c 0.08 f 48 d 3.6 f 
î'b 57.7 a 0.73 ab 245 a 180.5 ab 
Vb 17.1 c 0.03 f 65 d 2.1 f 
4 % 58.8 a 0.77 a 242 ab 185.5 ab 
^Means in columns followed by the same letter are not 
significantly different at the 0.05 level. 
^Description of treatment symbols: 
= broadcast control 
= deep placement control 
= 448 kg N/ha broadcast 
= 448 kg ir/ha deeply placed 
P^ = 224 kg P/ha broadcast 
P^ = 224 kg P/ha, i deeply placed + § broadcast 
I = furrow irrigated 
201 
that most of these mimbers do not differ significantly 
from the number of nodules on plants of corresponding con­
trol plots. Only broadcast P increased the number of nod­
ules significantly compared with its corresponding control 
plot. 
The nodule mass was significantly increased by deeply 
placed P under irrigated conditions and by P broadcast 
alone or in combination with deeply placed N. Deeply placed 
N did not seem to reduce the weight of nodules if also P was 
applied under dry land conditions but under irrigation 
significantly reduced the nodule fresh weight per plant. 
The relative le hemoglobin concentration was signif­
icantly enhanced by P broadcast with or without deeply 
placed N and was significantly reduced by broadcast K in 
relatively low concentrations. Nitrogen deeply placed did 
not appear to reduce the leghemoglobin content. 
The amount of le hemoglobin per plant can be assumed to 
be an index of the amount of active Kg fixing tissue per 
plant (Chen and Thornton, 1940; deMooy and Pesek, 1966). 
The product of the leghemoglobin concentration of fresh 
nodules and their wei^t per plant was used to estimate 
such a Fg fixing activity index. These data were analyzed 
statistically and presented in Table 4.74. 
The Ng fixing index was significantly increased by P 
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Table 4»75. Mean responses in nizmber of nodules and mass 
of fresh nodules per plant to deeply placed N, 
and p, and irrigation, Pneumatic Deep Place­
















% 1 -15.3 0.02 -0.33 <0.01 
1 8.4 0.18 0.22 <0.01 
% 1 -7.2 0.26 0.05 0.52 
I 1 1.3 0.83 0.06 0.61 
I-Hj 1 -2.4 0.70 -0.23 <0.01 
1 -1.5 0.80 0.06 0.55 
1 -4.1 0.52 -0.18 0.02 
Error 21 304 .30 0. 042 
description of symbols : 
ÎT^ = 448 kg N/ha deeply placed. 
P^ = 224 kg P/ha_, i deeply placed + ^ broadcast. 
I = furrow irrigated. 
broadcast with or without deeply placed If and by deeply 
placed p with irrigation. 
Effects of deeply placed ïï and p, and irrigation on 
nodulation. le^emoglobin content of nodules. and on -Kie ITg 
fixing activity index; The single degree of freedom 
analyses of variance of the data from Sections 1 and 2 in 
Table 4.74 are presented in Tables 4.75 and 4,76. 
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The number of nodules per soybean plant was signifi­
cantly reduced by deeply placed N (Table 4.75). This 
treatment decreased on the average the number of nodules 
per plant by 15, which was a 32^ reduction compared to the 
average number of nodules of plants not fertilized with 
deeply placed N. Deeply placed P increased the nodule 
number but its effect was not significant. 
The- wei^t of fresh nodules was highly significantly 
reduced by deeply placed N but increased by deeply placed P. 
Irrigation aggravated the F effect as shown by the highly 
significant irrigation x IT interaction and the significant 
irrigation x K x P interaction. Deep placement of N de­
creased the weight of fresh nodules per plant by 0.33 gram, 
a 545^ reduction compared to the mean number of nodules of 
plants not fertilized with N. Calculated in a similar 
manner, deep placement of P increased the nodule fresh 
weight by 68^ (0.22 gram). The irrigation x interaction 
decreased the mass of fresh nodules by 42$^ (0.23 gram) and 
the interaction between irrigation and deep placement of N 
with P resulted in a 34^ (0.18 gram) decrease of the nodule 
fresh weight. These two interactions probably indicate that 
irrigation increased the availability of deeply placed N to 
the plant, resulting in an increase of the depressive 
effect of E" on the nodulation. These effects were counter-
204 
Table 4.76. Mean responses in the relative leghemoglobin 
concentration in optical density of fresh 
nodules and the Hp fixing activity index to 
deeply placed N and P, and irrigation, Pneu­
matic Deep Placement Experiment, 1971 
Compar- Degrees Eel concn Probability Np fixing Probability 
isons of of le^e- levels activity levels 
freedom moglobin index 
"a 1 7.0 0.52 -59.7 <0.01 
1 19.3 0.08 55.4 < 0.01 
% 1 -0.9 0.93 -9.5 0.59 
I 1 -14.8 0.17 5.3 0.77 
I-Nj 1 -6.6 0.54 -54.7 < 0.01 
i-^ a 1 -6.7 0.53 5.1 0.77 
i-Va 1 3.5 0.74 -36.7 0.04 




37 2325. 34 
description of symbols : 
= 448 kg F/ha deeply placed. 
P^ = 224 kg P/ha, t- deeply placed + -§• broadcast. 
I = furrow irrigated. 
acted by deep placement of P. 
Relative leghemoglobin concentration per gram of fresh 
nodules, expressed in units of optical density, was not 
significantly affected by deep placement of K or P, or by 
irrigation, as can be deducted from Table 4.76. Deeply 
placed P enhanced the relative le^emoglobin concentration, 
but the increase was not large enou^ to be significant 
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(prolDability level 0,08), Interesting is that deeply-
placed N appeared not to reduce the le hemoglobin content. 
The Ng fixing activity index was highly significantly 
affected by deep placement of N and P as well as the inter­
action between irrigation and The three factor inter­
action, irrigation x x P^, was significant at the 0.04 
level. Deeply placed Î5" decreased the fixing activity 
index per plant by 505^ (60 imits), while deeply placed P 
increased it by 91^ (55 units). On the average the negative 
interaction between irrigation and deeply placed N indicated 
that the mean ITg fixing activity index of non-irrigated soy­
beans was 89^ (55 units) hi^er than the corresponding 
mean of the irrigated soybeans. The irrigation x K x P 
interaction decreased the Ng ^'ixing activity index by 34^ 
(37 units). The lîg fixing index was affected by the treat­
ments similarly to the mass of fresh nodules per plant. 
An exception was the influence of deeply placed P, which 
enhanced the Ng fixing activity index relatively more than 
it increased the mass of fresh nodules. 
Effects of method of application of K and P on no du-
lation, le^emoglobin content of nodules, and on the Kg 
fixing activity index ; Mean effects of the method of 
application of K and P fertilizers on the number of nodules 
are given in Table 4.77. The analysis of variance of the 
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Table 4»77. Mean responses in nodule nijmbers and mass of 
nodules per plant to method of application and 















M 1 6.8 0.22 0.15 < 0.01 
N 1 -19.2 < 0.01 -0.25 < 0.01 
m 1 6.3 0.26 0.16 < 0.01 
p 1 10.6 0.06 0.19 < 0.01 
PM 1 -0.6 0.91 0.03 0.57 
KP 1 -9.0 0.11 —0.07 0.17 
KEM. 1 5.9 0.29 0.20 < 0.01 
Error 24 
CM 
.32 0. 022 
description of s^ bols; 
M = method of application. 
N = K treatment. 
P = P treatment. 
data in Sections 1 and 3 of Table 4.74 -revealed that only 
the overall depressive effect of K on the number of nodules 
per plant reached a highly significant level. On the 
average K decreased the number of nodules per plant by 41$G 
(19 nodules). P enhanced the number of nodules by 33^  (11 
nodules) and this effect was nearly significant (probabil­
ity level 0,06). 
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A study of the data revealed that treatments had a 
greater influence on the mass of nodules per plant than on 
nodule numbers (Table 4.77). The mean effects of the method 
of application of IT and P, as well as the interaction "be­
tween the method of application and N or N x P, were highly 
significant. Soybean plants treated with deeply placed 
fertilizers had an average weight of 48^  (0.15 gram) more 
fresh nodules than the plants that had received a broad­
cast treatment. This was mainly due to the reduction of 
the depressive influence of lî on nodulation by deep place­
ment. The interactions between the method of application 
and 17 or N X P were large in contrast to the interaction 
between P and method of application. The latter had virtu­
ally no effect. IThere K, or P with N were placed deep, the 
nodule mass per plant was respectively 535^  (0.16 gram) and 
70^  (0.20 gram) more than the nodule mass of the soybeans 
treated with equivalent broadcast fertilizers. 
The effects of the method of fertilizer application 
as well as those of 17 and P, and the interaction between IT 
and the method of fertilizer application on the le^ emo-
globin concentration in fresh nodules were highly signifi­
cant (Table 4.78). The average effect of N was a decrease 
in the relative leghemoglobin content of 34^  (73 units), 
whereas P enhanced it by 16^  (32 units). Deep placement 
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Table 4.78. Mean responses in relative le^ emoglobin con­
centration of fresh nodules and the Hp fixing 
activity index to method of application and 



















M 1 69.8 < 0.01 30.0 0.03 
N 1 -72.8 < 0.01 -56.0 < 0.01 
m 1 86.4 < 0.01 50.9 < 0.01 
p 1 31.8 < 0.01 60.2 < 0.01 
m 1 -5.4 0.55 -9.7 0.52 
KB 1 -12.4 0.19 -22.1 0.11 
Km 1 8.0 0.60 49.4 <0.01 
Error 24 701. 62 1440.35 
description of s^ bols; 
M = method of application. 
N = N treatment. 
P = P treatment. 
of fertilizers increased the relative le^ emoglobin content 
by 49^  (70 units) compared to broadcasting the fertilizers. 
This effect was caused mainly by the fact that the depressive 
influence of N on the leghemoglobin content was effectively 
reduced by deep placement of N, as demonstrated by the inter­
action between ÏÏ and the method of application. 
The Fg fixing index was affected highly significantly 
209 
"by IT and ?, and by the interaction between the method of 
fertilizer application and N or N x P (Table 4.78). The 
effect of fertilizer application was significant at the 
0.03 level of probability. N decreased the average Ng 
fixing activity index by 50$6 (56 units), while P increased 
it by 115# (60 units). Deep placement of fertilizers 
induced an average index that was 44^  larger (30 units) 
than the one induced by broadcast fertilizers. The inter­
action of the method of fertilizer application with lî or 
N X P indicated that deep placement of N resulted in 87# 
(51 units) and 83# (49 units) hi^ er indices, respectively, 
than when the same amounts of fertilizers were broadcast. 
An attempt was made to estimate the amount of sym-
biotically fixed Ng by subtracting the quantities of N 
assimilated by non-nodulating soybeans from those assimi­
lated by the nodulating soybean isoline. Such estimates 
were obtained in this experiment and their degree of close­
ness of the linear association with other parameters and 
the F treatments are presented in Table 4.79. It shows 
highly significant simple correlations between nodule number 
and nodule fresh wei^ t per plant, the relative le^ emo-
globin concentration, and the Ifg fixing activity index. 
Symbiotically fixed ITg was highly significantly correlated 
with nodule weight per plant and significantly associated 
210 
Table 4.79. Matrix of simple correlation coefficients (r) 
showing the relationship among nodules and 
nodule fresh wei^ t per plant, le^ emogloTjin 
concentration, îîp fixing activity index, and 
nitrogen treatm.ents. Pneumatic Peep Placement 
Experiment, 1971 
Synbio- Nodule Nodule Eel le^ e- Np fixing N 
tically No. per wt per moglobin activity treat-
fixed N2 plant plant concn (OD) index ment 
0,27* 0.35** 0,06 0.29* -0.40** 
1 0.78** 




* *  
0.49 0.95** -0.54** 
1 0.62** 
1 
* *  
-0,35 
* *  
-0.47 
1 
* * * 
' Values of r equal or larger than 0.27 and 0,35 are 
significant at the 0.05 and 0,01 levels, respectively. 
The number of observations is 52. 
with nodule number per plant and the N2 fixing activity 
index. (Die r values among all pairs of these parameters 
and the N treatments were negative and highly significant. 
The overall effect of N had its strongest negative impact 
on the nodule weight per plant. 
Effects of fertilizer treatments. method of application, 
AY)(9 irrigation on the N accumulâtion by soybeans ; 
The mean quantities of N assimilated by nodulating 
and non—nodulating soybean isolines are presented in Table 
4.80, Nodulating soybeans growing on the control plots G^ , 
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Table 4.80. Average accumulation of IT by nodulating and 
non-npdulating soybean isolines at growth 
stage 6, as affected by treatments, Pneuiaatic 
Deep Placement Experiment, 1971^  
(Dreatments^  Accumulation of U (ks/ba) Differences 
Nodulating Kon-nodulating (kg N/ha) 
97.9 abed 67.2 d 30.7 
96.9 bed 68.5 bed 8.4 
& 92.7 bed 71.8 cd 20.9 
Vd 125.8 a 114.4 ab 11.4 
I-O^  97.7 abed 69.2 cd 28.5 
98.3 abed 91.4 abed 6.9 
110.9 abc 75.7 cd 35.2 
i-Va 115.9 ab 126.0 a -10.1 
Ob 78.0 de 71.8 cd 6.2 
b^ 64.9 e 59.7 5.2 
b^ 96.2 bed 79.7 bed 16.5 
Vb 82.7 ede 85.8 bed -3.1 
Vb 107.1 abed 105.0 abc 2.0 
e^ans in columns followed by the same letter are not 
significantly different at the 0.05 level. 
D^escription of treatment symbols: 
= broadcast control. 
= deep placement control. 
Ey = 448 kg K/ha broadcast. 
d^ ~ 448 kg IT/ha deeply placed. 
P-jj = 224 kg P/ha broadcast. 
P^  = 224 kg P/ha, •§• deeply placed + -g- broadcast. 
I = furrow irrigated. 
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I-C^ , and accumulated between 78.0 and 97.9 kg/ha of lî, 
ignoring possible effects of the pneumatic deep placement 
machine and irrigation, 2he average assimilated K by nodu-
lating soybeans on the control plots was 91-5 kg/ha of 
K. This amount approximates that of the nodulating isoline 
observed by Hanway and Weber (1971) at the end of the 
flowering period. 
The mean amount of K accumulated by non-nodulating 
soybeans on the control plots C^ , I-C^  and ranged from 
67.2 to 71.8 kg/ha of N (Table 4.80), The average IT accu­
mulation on the control plots was 69 +• 7 kg/ha of K. 
This was much more than the quantities observed by Hanway 
and Weber (1971) because in their experiment the soil H" was 
partly immobilized by corncobs, deliberately applied to 
accomplish immobilization. 
The estimate of the average amount of symbiotically 
fixed Ng on the control plots is 22-6 kg/ha of N. 53ais 
quantity was evaluated as the average of the differences of 
the paired experiments (Snedecor and Cochran, 1967) and it 
was associated with a highly significant t-value, using 11 
degrees of freedom (H^ : difference = 0), Because of the 
observed differential growth responses of the isolines to 
deeply placed N and the damaging effect of broadcast N, 
discussed earlier, as well as the imduly large variance of 
213 
the results, the use of the differences for the estimation 
of symbiotically fixed Ng "became untrustworthy for treat­
ments involving fertilization, as can be observed in Table 
4.80. These results, however, do indicate that the biolog­
ical fixation of approximately 22 kg/ha of lî was reduced 
and in some cases possibly even nullified by fertilization 
with 448 kg/ha of K. 
Effects of deeply placed N and ?, and irrigation on 
the E accumulation by soybeans ; The analysis of variance 
of K assimilation data from the nodulating soybeans is 
summarized in Table 4.81. It indicates that deep placement 
of P was the only comparison that was significant. Deep 
placement of P v/as the only comparison that was significant. 
Deep placement of P increased the assimilation of N by 14?& 
(13.6 kg/ha). 
Responses of N uptake in non-nodulating soybeans, re­
ported in Table 4.81, were highly significantly increased 
by deep placement of N as well as by deep placement of P. 
Deeply placed N and deeply placed P increased the uptake by 
485S (34.1 kg/ha of IT) and by 23^  (17.9 kg/ha of N), respec­
tively. 
The combined analysis of variance of the data of N 
accumulation by nodulating and non-nodulating soybeans is 
given in Table 4.82. îîitrogen accumulation was highly 
significantly increased by the overall effect of both 
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Table 4.81. Responses in IT accumulation by nodulating and 
non-nodulating soybean, isolines to deeply 
placed IT and P, and irrigation. Pneumatic Deep 
Placement Experiment, 1971 
Compar- Degrees of U accumulation 
isons^  freedom Responses (kg/ha) Probability levels 
ITodulating soybeans 
% 1 9.4 0.15 
13.6 0.04 
% 1 9.6 0.14 
I 1 2.4 0.71 
I-Hg 1 —6.6 0.31 
1.7 0.78 
-7.4 0.25 
Error 21 320.12 
Non-nodulating soybeans 
d^ 1 34.1 < 0.01 
d^ 17.9 OoOl 
% 1 12.3 0o07 
I 1 5.1 0.55 
I-ITd 1 2.1 0.75 
I-^ d 1 2.6 0.69 
I-Vd 1 1.7 0.79 
Error 21 343.89 
description of symbols : 
= 448 kg lî/ha deeply placed, 
P^  = 224 kg P/ba, #- deeply placed + ^  broadcast. 
I = furrow irrigated. 
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Table 4.82. Combined analysis of variance of the data of N 
assimilation by nodulating and non-nodulating 
soybean isolines, as affected by deeply placed 
N and P, and irrigation, Pnetimatic Deep Place­
ment Experiment, 1971 




Mean squares Probability levels 
Replicates 3 4582.0 <0.01 
"a 1 7569.0 <0.01 
I'd 1 3981.2 <0.01 
% 1 1927.7 0.06 
I 1 225.1 0.57 
I-Hj 1 81.1 0.93 
1 77.3 0.93 
1 129.6 0.63 
Error a 21 473.7 
Nod 1 4349.9 <0.01 
ITjjNod 1 2435.6 <0.01 
P^ Kod 72.3 0.54 
%3fod 1 29.5 0.69 
I-Eod 1 30.8 0.69 
I-NjjNod 1 308.4 0.21 
I-P^ Fod 1 3.1 0.89 
I-Iîd^ d^ od 1 331.3 0.19 
Error b 24 185.2 
D^escription of symbols : 
= 448 kg N/ha deeply placed. 
P^  = 224 kg P/ha, & deeply placed + ^  broadcast. 
I = irrigation. 
Nod = nodulation. 
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deeply placed N and ?, The IT effect was largely caused by 
non-nodulating soybeans, which confirms the conclusion made 
from separate analyses of variance. A positive interaction 
between deeply placed F and P was reflected in the data and 
was nearly significant (probability level 0.06). The dif­
ference in IT accumulation between the nodulating and non-
nodulating soybeans was highly significant. On the average, 
nodulating soybeans accumulated 105 - 3 kg/ha of E, whereas 
non-nodulating soybeans accumulated 88 i 3 kg/ha. So nodu­
lating soybeans assimilated on the average 17 1 4 kg/ha, or 
19^  more than the non-nodulating sister line. This dif­
ference can be considered as another estimate of fixed Ng, 
which is in fair agreement with the previous one obtained 
from the controls. The hi^ ily significant x Nod inter­
action indicates that differential responses to deep place­
ment of K occurred. 
Effects of method of application of N and P on the 
K accumulation by soybeans ; Nodulating soybeans on 
plots that received deeply placed fertilizers yielded 32^  
(22,9 kg/ha) more K than soybeans on plots where fertili­
zers were broadcast (Table 4.83) and the difference was 
highly significant. 
N application had very little effect on N accumulation, 
but deep placement of N (N x M interaction) made a signif­
icant difference. Soybeans on plots that were deeply 
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Table 4.83. Responses in E acctmralation "by nodulating and 
non-nodulating soybean isolines to method of 
application and IT and P fertilizers, Pneumatic 
Deep Placement Experiment, 1971 
Compar- Degrees of IT accumulation 
isons freedom Responses (kg/ha) Probability levels 
Nodulating soybeans 
M 1 22.9 <0.01 
N 1 1.4 0.82 
m 1 14.7 0.02 
P 1 14.9 0.02 
PM 1 -3.1 0.63 
ITP 1 8.4 0.18 
UPM 1 8.6 0.17 
Error 24 304.05 
Fon-nodulating soybeans 
M 1 10.1 0.21 
IT 1 14.5 Ooll 
m 1 17.5 0.06 
P 1 16.1 0.07 
m 1 -0.9 0.92 
UP 1 9.8 0.27 
sm 1 0.8 0.93 
Error 24 605.08 
description of symbols: 
M = method of application. 
IT = IT treatment. 
P = P treatment. 
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fertilized with F yielded 17^  (14.7 kg/ha) more IT than soy­
beans on plots broadcast with N. Application of P fertil­
izer resulted in a 15 kg/ha increase in lï accumulation 
(probability level 0.02). Deep placement of P made no 
further contribution to the N nutrition of the crop. 
The K accumulation in non-nodulating soybeans was not 
affected by N, P, or method of placement. This was because 
the error mean square was significantly larger than the 
corresponding error mean square of the nodulating soybeans. 
It is, therefore, not valid to combine the data into one 
analysis of variance. 
Effects of fertilizer treatments, method of application, 
and irrigation on the P aocumulation by soybeans ; 
The total amounts of P accumulated in the aerial 
plant parts of the two types of soybeans as influenced by 
the various treatments at the end of the flowering period 
are reported in Table 4.84. The largest accumulation of P 
in nodulating soybeans was observed in plants that had re­
ceived broadcast P and deeply placed N, This accumulated 
amount was significantly different and represented 4.7 kg/ 
ha of P more than the average amount accumulated by plants 
growing on the corresponding control plots. Significantly 
more P was also accumulated by plants where P only was 
broadcast, or where P was deeply placed and the soybeans 
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Table 4*84. Mean accxmrulation of P by nodulating and non-
nodulating soybean isolines at growth stage 
6, as affected by fertilizer treatments and 
irrigation. Pneumatic Deep Placement Ibcperi-
ment, 1971 











6,6 be 5.2 de 
5.7 cd 5.3 de 
8,9 ab 8.0 bed 
10,2 a 9.7 ab 
6.8 be 5.8 de 
6.1 c 6.4 cd 
10.7 a 9.9 ab 
10,0 a 11.7 a 
5.6 cd 5.6 de 
3.5 d 3.0 e 
10.2 a 9.0 abe 
7.0 be 6,8 cd 
11.3 a 10,4 ab 
M^eans in columns followed by the same letter are not 
significantly different at the 0,05 level. 
D^escription of treatment symbols: 
Cjj = broadcast control, 
= deep placement control, 
= 448 kg F/ha broadcast. 
= 448 kg W/ha deeply placed. 
P-jj = 224 kg P/ha broadcast. 
P^  = 224 kg P/ha, deeply placed + •§• broadcast, 
I = furrow irrigated. 
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were irrigated, or where P and K were both deeply placed 
compared with plants growing on the corresponding control 
plots. 
The P acctmulation by non-nodulating soybeans followed 
a similar trend. Broadcast P with deeply placed N increased 
the P assimilation the most by 5.2 kg/ha of P, a signifi­
cant 100^ 4 increase. Broadcast P alone significantly en­
hanced the P uptake by 3.4 kg/ha, whereas the increase to 
deeply placed P under dry land conditions was not signif­
icant. Under irrigated conditions, however, deeply placed 
P with and without N increased the P uptake significantly 
above the P uptake of soybeans on the controls. 
Effects of deeply placed E and P, and irrigation on 
the accumulation of P soybeans ; Accumulated P in 
nodulating soybeans was highly significantly affected only 
by deeply placed P, as shown in Table 4.85. Beep placement 
of 224 kg/ha of P induced the uptake of an average additi­
onal 58^  P (3.6 kg/ha) in soybean plants at the end of the 
flowering period. 
The accuzmilation of P in non-nodulating soybeans was 
highly significantly enhanced by deep placement of 224 kg/ 
ha of P and by irrigation, îhe P uptake was increased by 
an average of 73^  (4.1 kg/ha) and 19^  (1.4 kg/ha), res­
pectively. Deeply placed îî had improved the growth of 
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Table 4.85. Responses in P accimrulation "by nodulating and 
non-nodulating soybean isolines to deeply 
placed K and P and irrigation, Enexmatic Deep 
Placement Experiment, 1971 
Compar— Degrees of P accumulation 
isons freedom Responses (kg/ha) Probability levels 
Modulating soybeans 
% 1 -0.28 0.58 
d^ 1 3.64 <0.01 
% 1 0.54 0.29 
I 1 0.54 0.30 
1 -0.45 0.61 
1 0.24 0.64 
I-Vd 1 -0.50 0.66 
Error 21 2.05 
2îon-nodulating soybeans 
% 1 1.02 0.06 
1 4.14 <0.01 
% 1 0. 68 0.20 
I 1 1.38 0.01 
I-Iîd 1 0.16 0.76 
i-^ d 1 0.56 0.29 
I-Vd 1 —0. 06 0.89 
Error 21 2.14 
description of symbols: 
= 448 kg N/îia deeply placed. 
p^  = 224 kg P/ha, i deeply placed + i broadcast. 
I = furrow irrigated. 
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Table 4«Ô6. Combined analysis of variance of the data of 
the acciamalation of P by nodulating and non-
nodTilating soybean isolines, as affected by 
deeply placed N and P and irrigation, Pnexuaatic 





Mean squares Probability levels 
Replicates 3 27.90 <0.01 
"a 1 2.18 0.65 
1 242.53 <0.01 
% 1 6.05 0.14 
I 1 14.90 0.02 
I-Kg 1 0.33 0.74 
i-^ a 1 2.62 0.35 
i-Va 1 1.30 0.55 
Error a 21 2.64 
Nod 1 2.03 0.25 
N^ Nod 1 6.83 0.04 




 • 0.57 
UaPaNoa 1 0.07 0.83 
I-Nod 1 2.86 0.18 
I-N^ Fod 1 1.49 0.67 
I-P^ Kod 1 0.41 0.61 
I-N^ P^ Kod 1 0.74 0.51 
Error b 24 1.49 
D^escription of symbols: 
= 448 kg K/ha deeply placed. 
P^  = 224 kg P/ha, § deeply placed + broadcast. 
I = irrigation. 
Fod = nodulation. 
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non-nodulating soybeans and had therefore increased their 
need for P, which resulted in an additional accumulation 
of P hy 14^  (1.0 kg/ha), and its effect was nearly signif­
icant (probability level 0.06). 
The P accumulation data of nodulating and non—nodu-
lating soybeans were combined in one analysis of variance, 
since the P test gave no evidence for heterogeneity of the 
error mean squares between the isolines. The analysis in 
Table 4.86 indicates a significant effect of irrigation. 
This was largely due to the effect of irrigation on P 
accumulation by non-nodulating soybeans, as can be seen 
from Table 4.85. Deep placement of P had a highly signif­
icant and positive effect. There were no differential P 
responses between the two isoline s but there were for N, as 
indicated by the significant interaction between deeply 
placed N and the type of soybean. The deficiency in N of 
non-nodulating soybeans was effectively reduced by deeply 
placed N and the enhanced growth resulted in an increased 
P accumulatio . 
Effects of method of application of N and P fertiliz­
ers on the P accumulation by soybeans; The uptake of P 
by nodulating soybeans (Table 4.87) was significantly in­
fluenced by the method of fertilizer application (M). N 
application reduced P uptake by 15^  (1.26 kg/ha) but the 
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Table 4.87. Responses in P accimulation "by nodulating and 
non-nodulating soybean isolines to method of 
application and N and P fertilizers, Pneumatic 
Deep Placement Experiment, 1971 
Compar- Degrees of P accrmnilation 


























M 1 0.94 
N 1 -0.78 
m 1 1.65 
P 1 3.60 
PE 1 -0.02 
IÎP 1 0.49 










description of symbols; 
M = method of application. 
N = N treatment. 
P = P treatment. 
significant N x M interaction indicates that the F effect 
was dependent on method of placement. Broadcast application 
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of N caused considerable damage to the plant and reduced 
dry matter production (Table 4.68), whereas the effect of 
deeply placed N was within the variation of the experimen­
tal error. The effects on yield of dry matter were partly 
reflected in the P accumulation. P application highly 
significantly enhanced P assimilation by 64-fo (3.72 kg/ha). 
The P accumulation by non-nodulating soybeans was 
rather similarly affected by P and the interaction between 
N and method of placement, as were the nodulating soybeans 
(Table 4.87). Application of P fertilizers increased the P 
accumulation by 69^  (3.60 kg/ha, probability level 0.01), 
whereas the positive M x F interaction enhanced the accu­
mulation by 27^  (1.65 kg/ha). 
The combined analysis of the P accumulation by nodu­
lating and non-nodulating soybeans as affected by M, the 
method of application of fertilizers, N and P and their 
interaction is presented in Table 4.88. It shows that the 
mean effect of P and the earlier discussed If x M inter­
action highly significantly influenced the accumulation of 
P. The significant effect of the type of soybeans indicates 
that the nodulating soybeans had on the average taken up 
95b more P (0.66 kg/ha) than the non-nodulating isoline. 
Both lines responded in a similar way to the effects listed, 
indicating no evidence for differential responses in their 
P accumulation. 
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Table 4.88, Combined analysis of variance of the data of 
the accmmlation of P by nodiilating and non-
nodulating soybean isolines, as affected by the 
method of application and N and P fertilizers, 





Mean squares Probability levels 
Replicates 3 30.85 <0.01 
M 1 19.22 0.06 
N 1 16.73 0.08 
MH 1 37.78 <0o01 
P 1 215.06 <0o01 
MP 1 0.50 0.70 
NP 1 2.25 0.51 
MKP 1 4.40 0.36 
Error a 24 5.00 
Nod 1 7.83 0.03 
M-Nod 1 0.40 0.62 
K-Nod 1 0.90 0.54 
mr-Nod 1 0.20 0.72 
P-Nod 1 0.07 0.83 
lIP-Nod 1 0.39 0.63 
KP-Nod 1 0.22 0.71 
MNP-Uod 1 1.14 0.60 
Error b 27 1.55 
D^escription of s^ bols; 
M = method of apnlication. 
N = 448 kg N/ha. 
P = 224 kg p/ha. 
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4.6. Radioisotope Experiments Using Radioactive P 
•30 
Radioactive P was employed in two experiments, namely 
a Pneumatic Deep Placement Experiment and a Deep Banding 
Experiment. Experimental treatments consisted of "broadcast 
and deeply placed fertilizers in split application of P at 
total rates of 0, 112, 224, and 336 kg/ha, with or without a 
split application of 224 kg/ha of N. Only the deeply banded 
and deeply placed P was labeled with ^ P^. This made it 
possible to evaluate the amount of P the soybeans accumu­
lated from fertilizers in the subsoil. The effects of N 
and P fertilizers and methods of application on grain yield, 
growth, and uptake of N and P were simultaneous studied. 
Preliminary statistical analyses of the two experiments, 
which were located in the same field, revealed that the soy­
beans respon ed similarly to the P treatments. In addition 
an F test gave no evidence for heterogeneity of the error 
mean squares. Therefore the two experiments were pooled 
and statistically analyzed as such. 
Effects of pneumatically deeply placed P and deeply banded 
N and P on grain yield of soybeans : 
The data in Table 4.89 show that grain yield of soy­
beans was enhanced by fertilization with P, which indicates 
that the supply of soil P was limiting yields. 
The maximum response in the Pneumatic Deep Placement 
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Table 4.8g, Grain yield of "Hark" soybeans as affected by 
pneiimatically deeply placed P and deeply banded 







Deep Banding Experiment 
Without N 
Yield (kg/ha) 
With 224 kg/ha of N 
Yield (kg/ha) 
0 3019 2766 2875 
112 3138 2917 3038 
224 3260 3148 3144 
336 3298 3128 3132 
Least significant difference at 0,05 probability level 
for the comparison between means of 4 replicates within one 
experiment is 192 kg/ha. 
Experiment was 279 kg/ha and was given by the 336 kg/ha rate 
of deeply placed P. TiA yield level was 253 kg/ha higher 
than that of the Beep Banding Experiment as estimated from 
the difference between the controls. 
Rates of 224 kg/ha of P raised the yield in the Deep 
Banding Experiment 380 kg/ha, or about 14^  more than that 
of the unfertilized controls. Yields of soybeans fertil­
ized with 336 kg/ha of P were slightly less than the ob­
served maximum yields at 224 kg/ha of P, but the differences 
were insignificant. This suggests a curvilinear relation­
ship between P and yield but the quadratic term v/as signifi­
cant only at the 0.07 probability level (Table 4.90). 
Yield responses to P were not affected by the different 
methods of fertilizer application as is indicated by the 
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Table 4.90. Pooled analysis of variance of grain yield 
data of "Hark" soybeans as affected by pneu­
matically deeply placed P and deeply banded U 
and P, Radioisotope Experiments, 1970 
Sources of variation Degrees of Mean squares Probability 
freedom levels 
Method of fertilizer 
placement (M^ ) 1 273113 
Replicates within 6 94106 
P 3 246336 <0,01 
l^inear ^^ 1^  1 663089 < 0.01 
P CP  ^quadratic  ^ q' 1 60619 0.07 
c^ubic ^^ c^  1 15303 0.63 
3 3185 0.89 
Vi 1 2494 0.71 
Vq 1 5508 0.59 
Vc 1 1554 0.77 
d^eeply banded ^^ d^  1 26268 0.23 
IT X3 /"D \ 
•'d"^ deeply banded "^^ d' 3 8994 0.67 
1 19554 0.30 
1 5 Oo98 
%0 1 7423 0.53 
Error 30 17651 
non-significant M^  x P interaction as well as its three 
individual linear, quadratic, and cubic components. Deeply 
banded E and its interaction with deeply banded P also had 
no significant effect on yield. 
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Effects of uneiuiiatically deeply placed P and deeply "banded 
N and P on growth characteristics of soybeans : 
Plant growth was highly significantly increased by P 
as shown in the analysis of variance presented in Table 4.92. 
The relationship between growth and the rates of P was lin­
ear in the beginning of the flowering stage (stage 3) but 
became curvilinesir near the end of the growing season, as 
indicated by the highly significant quadratic term at growth 
stage 9. 
Table 4.91. Yield of dry matter of "Hark" soybeans as 
affected by pneumatically deeply placed P and 
deeply banded N and P, Radioisotope Experi­
ments, 1970 
P rates Pneumatic Deep Deep Banding Experiment 
(kg/ha) Placement Expt Without E With 224 kg/ha of N 
Yield of dry matter in tons/ha at growth stage 3^  
0 1.53 1.31 1.36 
112 1.86 1.40 1.39 
224 1.90 1.53 1.61 
336 1.94 1.62 1.59 
Yield of dry matter in tons/ha at growth stage 9^  
0 5.86 5.96 6.56 
112 7.42 6.96 7.12 
224 8.11 7.85 7.83 
336 8.44 8.04 7.92 
e^ast significant difference at 0.05 probability 
level for the comparison between means of four replicates 
within one experiment is 0.25 tons/ha at stage 3 and 0.82 
tons/ha at stage 9» 
Table 4*92. Pooled analyaia of variance of the data of dry matter production 
of "Hark" aoybeans at growth stage 3 and growth stage 9, as 
affected "by pneumatically deeply placed P and deeply handed N 
and P, Radioisotope Experiments, 1970 
Sources of variation Degrees of Growth stage 3 Growth stage 9 
freedom Mean iGobahllity Mean Probability 
squares levels squares levels 
Method of fertilizer 










N deeply banded (NJ 





1 1.161 0.333 
6 0.116 0.625 
3 0.248 <0.01 9.924 <0.01 
1 0.702 <0.01 27.601 <0.01 
1 0.040 0.26 2.121 0.01 
1 0.003 0.77 0.049 0.70 
0.032 0.36 0.409 0.30 







1 0.046 0.23 0.238 0.60 
1 0.043 0.25 0.188 0.54 
1 0.003 0.75 0.188 0.54 
0.005 0.89 0.209 0.53 
1 0.001 0.82 0.563 0.19 
1 0.001 0.84 0.060 0.67 
1 0.013 0.52 0.003 0.91 
30 0.031 0.321 
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Maximum dry matter production was observed at the 
336 kg/ha rate of P in the Pneumatic Deep Placement Experi­
ment (Table 4.91). It was 275» (0.41 tons/ha) more than dry 
matter production on the control plots. The positive effect 
of P extended through the growing season and had raised dry 
matter production by 44^  (2.58 tons/ha) at the advanced 
phase of the pod filling stage (growth stage 9). 
Ma-g-iTTiuTH dry matter production in the Deep Banding 
Experiment was also observed at the 336 kg/ha rate of P 
without U fertilization. Dry matter production from this 
treatment was 24^  (0,31 tons/ha) more than the average 
production on the unfertilized sites but differed only 
subtly from the dry matter production of soybeans fertil­
ized with 224 kg/ha of P, with or without deeply banded N. 
The growth enhancing effect of P continued during the grow­
ing season and increased dry matter production up to 525^  
(3.08 tons/ha) compared with the average production on the 
controls at growth stage 9. The method of fertilizer place­
ment, deeply banded If or the interaction betv/een deeply 
banded IT and P did not have significant effects on dry 
matter accumulation at any of the two growth stages. 
Maturity (98^  of pods brown) was reached on September 
28. The analysis of variance of the recorded data indicated 
that the date of maturity was not influenced by any treat­
ment of the Radioisotope Experiments. 
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An analysis of variance of the lodging data showed 
that N or ? fertilization or the method of deep placement 
did not have a significant impact on lodging. 
Effects of pneuTna,tically deeply placed P and deexily banded 
N and P on N accumulation by soybeans ; 
The assimilation of N up to the early grov/th stage 3 
was affected by P fertilization and also by deeply banded 
K, as shown by the data in Table 4.93. 
Table 4.93. Yield of lï in "Hark" soybeans as affected by 
pneumatically deeply placed P and deeply 
banded N and P, Radioisotope Experiments, 1970 
P rates 
(kg/ha) 
Pneumatic Deep Deen Banding Exi Deriment 
Placement Expt Y/ithout N With 2: ^4 kg/ha of N 
Yield of N in kg/ha at growth stage 3^  
0 68 61 69 
112 87 66 73 
224 86 73 87 
336 93 73 82 
Yield of IT in kg/ha at growth stage 9^  
0 180 189 213 
112 240 222 232 
224 266 252 254 
336 275 259 257 
L^east significant difference at 0,05 probability level 
for the comparison betv/een means of four replicates within 
one experiment is 12 kg/ha at stage 3 and 30 kg/ha at stage 
9. 
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Highly significant increases in N accumulation due to 
P fertilization were revealed in the analysis of variance 
in Table 4.94. Fertilization with 336 kg/ha of deeply 
placed P increased the N accumulation the most, 375^  (25 
kg/ha of N) in the Pneumatic Deep Placement Experiment. 
The largest increase in E assimilation in the Deep Banding 
Experiment was 43^  (26 kg/ha of F) from the 224 kg/ha of 
deeply banded P in combination with 224 kg/ha of deeply 
banded N, A curvilinear relationship between the rates of 
P and the N accumulation was evident at the beginning of 
the flowering stage, as indicated by the quadratic term for 
P, which was significant at a probability level of 0,07. 
This term gained statistical significance near the end of 
the pod filling stage, growth stage 9. Deeply banded N had 
highly significantly increased N accumulation by 15^  (10 
kg/ha of N) at the beginning of the flowering stage, but had 
not significantly influenced N accumulation at the pod 
filling stage. It is interesting to note that at growth 
stage 9 deeply banded N without P fertilization had signif­
icantly increased the N accumulation by 24 kg/ha above the 
control. With increasing rates of deeply banded P this 
difference vanished, indicating an interaction between N 
and P. At higher rates deeply banded P enhanced F accumula­
tion to such an extent that the effect of deeply banded N 
Table 4.94, Pooled analysis of variance of N accumulation data for soybeans 
at growth stage 3 and growth stage 9 as affected by pneumatically 
deeply placed P and deeply banded N and P, Radioisotope Experi­
ments, 1970 
Sources of variation Degrees of Growth stage 3 Growth stage 9 
freedom Mean I^ obability I/iean Probability 
squares levels squs/res levels 
Method of fertilizer 
placement (M^ ) 1 1182 296 
Replicates within 6 376 649 
P 3 701 <0,01 11925 <0.01 
l^inear ^^ 1^  1 1874 <0.01 32919 < 0.01 
q^uadratic 1 226 0.07 2808 0.02 
c^ubic ^^ c^  1 3 0.84 48 0.74 
M^ P 117 0.15 830 0.15 
1 95 0.23 1649 0.06 
V, 1 18 0.61 629 0.24 
HfPo 1 238 0.06 211 0.50 
d^eeply banded ^^ d^  1 777 <0.01 586 0.26 
d^^ deeply banded ^^ d^  15 0.85 275 0.60 
d^^ dl 1 2 0.86 773 0.19 
1 7 0.73 51 0.73 
d^^ do 1 35 0.52 1 0.95 
Error 30 64 439 
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on the H uptake was nil. The interaction was predominantly 
linear but was significant only at the 0.19 probability 
level. 
Effects of pneumatically deeply placed P and deeply banded 
IT and P on the accumulation of P by soybeans: 
Table 4.95 illustrates that P fertilization influenced 
P accumulation as early as growth stage 3. Independent of 
the method of fertilizer placement and deeply banded N, the 
P uptake was increased by 2.3 to 2.4 kg/ha above the uptake 
Table 4.95. Yield of P in "Hark" soybeans as affected by 
pneumatically deeply placed P and deeply banded 
N and P, Radioisotope Experiments, 1970 
P rates Pneumatic Deep Deep Banding Experiment 
(kg/ha) Placement Expt Without N With 2^4 kg/ha of K 
Yield of P in kg/ha at growth stage 3^ 
0 5.0 4.0 4.2 
112 6.4 5.1 5.0 
224 6o 8 5.8 6.2 
336 7.3 6.4 6.5 
Yield of P in kg/ha at growth stage 9^ 
0 12.8 13.8 16.2 
112 21.1 22.0 22.5 
224 27.5 26.9 27.6 
336 29.8 29.3 30.6 
^Least significant difference at 0.05 probability level 
for the comparison between means of four replicates within 
one experiment is 2,0 kg/ha at stage 3 and 3.0 kg/ha at 
stage 9. 
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by plants on the control plots. The P effect was highly-
significant and the relationship was curvilinear, although 
at a 0.07 probability level at this early growth stage 
(Table 4.96).  
The largest increase of 17 kg/ha in P accumulation at 
the advanced stage of pod filling was observed for 336 kg/ha 
of deeply placed P in the Pneumatic Deep Placement Experi­
ment. The increase in uptake in the Deep Banding Experiment 
was 15o 5 kg/ha of P without K fertilization and 14.4 kg/ha 
with i t .  
The quadratic term was hi^ily significant, suggesting 
that a distinct curvilinear relationship had developed 
between the rates of P fertilization and the amounts of P 
accumulated near the end of the pod filling stage. This 
contrasts with the effects of all the other factors that 
were not significant. 
Percentages of P derived from pneumatically deeply placed 
P and from deeply banded P without and with K fertilization 
in soybeans: 
Mean percentages of P in the plant derived from subsoil 
fertilization indicate that the fraction of P taken up from 
fertilizers in the subsoil ranged from 0,85 to 10.495^j de­
pending on the growth stage of the crop and the method of 
subsoil  ferti l ization (Table 4*97).  
Table 4»96. Pooled analysis of veirianoe of P accvimulation data for soybeeuas 
at growth stage 3 and growth stage 9 as affected by pneumatically 
deeply placed P and deeply banded N and P, Radioisotope Experi­
ments, 1970 
Sources of variation Degrees of Growth stage 3 Growth stage 9 
freedom Mean ^Probability Mean Probability 
squares levels squares levels 




p ( p 










1 10.020 7.306 
6 1.829 11.206 
3 12.438 <0.01 571.817 <0.01 
1 36.004 <0.01 1638.708 <0.01 
1 1.312 0.07 76.508 <0.01 
1 0.001 0.98 0.237 0.82 
0.214 0.61 3.385 0.54 
1 0.131 0.56 7.901 0.21 
1 0 .148 0.54 1.505 0.59 
1 0.361 0.67 0.745 0.70 
1 0.132 0.56 11.233 0.14 
0.075 0.89 1.690 0.79 
1 0.011 0.86 1.117 0.64 
1 0.002 0.94 3.763 0.61 
1 0.211 0.54 0.191 0.84 
30 0.369 4.963 
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Table 4,97 • Average percentages of P derived from pneumat­
ically deeply placed P and deeply banded P 
without and with K by "Hark" soybeans, Radio­
isotope Experiments, 1970 
Sates of Pneumatic Deep Deep Banding Experiment 
P (kg/ha) Placement Expt Without N With 224 kg/ha of ÏÏ 
ia P derived from subsoil fertilization at growth stage 3 
112 4.15 0.85 1.65 
224 5.50 1.18 2.83 
336 6.89 1.43 3.58 
Means 5.51 1.15 2.68 
io P derived from subsoil fertilization at growth stage 6 
112 6.30 1.68 4.20 
224 9.37 1.89 5.09 
336 10.49 2.08 6.43 
Means 8.72 1.88 5.24 
P derived from subsoil fertilization at growth stage 9 
112 6.26 1.53 4.00 
224 7.54 1.62 4.89 
336 8.01 1.93 6.06 
Means 7.28 1.69 4.98 
Shortly after emergence, the P in the young seedling 
was obtained from the P stored in the cotyledons, from soil 
P and from the P in the superphosphate incorporated in the 
plowlayer. No ^^P could be detected in the plants at growth 
stages 0 and 1. At growth stage 2, 29 days after emergence, 
the first traces of radioactive ^^p were detected with cer­
tainty by a survey mater in the meristem of soybean plants 
on some plots that had received fertilization rates of 336 
kg/ha of P in the Deep Banding Experiment. Thereafter the 
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radioactivity in the plants increased daily and could be 
detected in plants from other plots in the experimental 
area. The rapid growth of the tap root of the soybean 
plants and the dry and warm weather in June and July ap­
peared to be the reason v/hy the P uptake from subsoil 
fertilization had reached levels of 0.85 to 6.89^ by growth 
stage 3 (Table 4-97). During flowering the percentage of P 
derived from subsoil fertilization increased somewhat to 
the observed maxima at the end of the flowering period 
(growth stage 6). Thereafter the relative amount of P in 
the plant derived from subsoil fertilization decreased 
slightly. This indicates that the uptake of non-labeled P 
increased relatively more during pod filling. During this 
period (August 1970) 146 mm of rain (Dr. R. H. Shaw, perso­
nal communication) adequately supplied the crop with water. 
The conditions favored increased nutrient uptake from the 
plowlayer and from the subsoil outside the fertilized volume 
by the expanding root system, which is known to develop at 
this growth stage (Mitchell and Russell, 1971). The radio­
active fraction of P in the soybean plant near the end of 
the growing season averaged over all rates of P fertiliza­
tion was 7,28fo in the Pneumatic Deep Placement Experiment. 
This fraction amounted to 1,69^ without and 4.98^ with deep­
ly banded ÎT. 
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The amo'unts of P derived from the labeled fertilizer 
in the subsoil increased linearly and highly significantly 
with the fertilization rate of P, as shown in the analysis 
of variance in Table 4.98 in all of the three growth stages. 
The slope of this linear increase was independent of the 
method of deep fertilization as indicated by the non-signif­
icant terms of the z P interaction. 
Deeply banded N hi^ly significantly increased the 
uptake of P from fertilizer in the subsoil. Averaged over 
all rates of P fertilization, the uptake of P at growth 
stage 3 was 133^ greater when N had been banded with the P. 
This difference became greater as the growing season prog­
ressed. The uptake of P from fertilizer which was deeply 
banded with N was 195^ more near the end of the pod filling 
in the Deep Banding Experiment. The larger uptake of P 
from fertilizer which was deeply banded in combination with 
N appears to have been caused by two factors that were con­
founded. One factor is the positive interaction between N 
and P on the growth activity of the roots. Wilkinson (1961) 
showed that soybean roots proliferate in response to local­
ized placement of H and P. It is then conceivable that the 
uptake of deeply banded P was enhanced by this phenomenon, 
the second and possibly more inportant factor is the fact 
that P deeply banded with N was mixed with a larger volume 
of soil than when deeply banded without IT. The 2T and P 
Table 4,98. Pooled analysis of variance of ^ P derived 
from subsoil fertilizers by soybean, plants 
as affected by pneumatic deep placement and 
deep banding, Radioisotope Experiments, 1970 
Sources of variation Degrees of Growth stage 3 
freedom Mean Probability 
s quai'es leve Is 
Method of fertilizer 
placement (2^) 
Replicates within 
(Pi)  linear 
p f p 
quadratic ^ qf 
% 
Vq 
^deeply banded ^^d^ 
















Since the variances were proportional to the squares 
of the treatment means, the pooled analysis of variance 
was performed on transformed data, using the logarithmic 
trans f ormati on. 
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Growth stage 6 Growth stage 9 
Mean Probability iîean Probability 




























dissolved in water were applied at a flow rate of 5373 
liters/ha, whereas P alone was applied at a flow rate of 
only 1044 l i ters/ i ia,  as indicated in Section 3.3.  
The uptake of P from deeply placed fertilizer in the 
Pneumatic Deep Placement Experiment v/as consistently larger 
than the uptake from the subsoil fertilization in the Deep 
Banding Experiment, The difference, however, cannot be 
tested for level of significance in exact statistical terms 
due to the experimental conditions. But, the ratios of 
the mean squares of method of fertilization and the mean 
squares of replications within methods of subsoil fertili­
zation at growth, stages 3» 6, and 9 amount to 27, 17? and 
18, respectively, and are remarkably large. If one is 
willing to accept the mean square of the replicates within 
the methods of subsoil fertilization as an estimate of the 
variation of the two different experiments, then the 
difference in uptake between the two methods are very likely 
true. Since the Pneumatic Deep Placement Experiment and the 
Deep Banding Experiment were conducted in the same experi­
mental field under fairly similar experimental conditions, 
it appears that the difference in uptake was primarily due 
to the method of subsoil fertilization. In the Pneumatic 
Deep Placement Experiment the P dissolved in water was in­
jected and driven under air pressure at a flow rate of 
Figure 4.11. An autoradiograpli shov/ing a horizontal cross 
section through the center of a fertilized 
volume of soil resulting from a pneumatic 
injection of 300 ml of liquid fertilizer, 
40 days after application of P 
Figure 4.12. An autoradiograph showing a vertical cross 
section through the center of a fertilized 
volume of soil resulting from a pneumatic 
injection of  300 ml of  l iquid ferti l izer,  
40 days after application of 
2^ 
Figure 4.I3. An autoradiograph showing a cross section 
through the center of one of the fertilizer 
"bands located 51 cm helow the soil surface, 
56 days after application of 32p with IT 
Figure 4.14. An autoradio graph showing a lengthwise 
section through the center of one of 
the fertilizer bands located 51 cm "below 
the soil surface, 56 days after applica­
tion of 32p with N 
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11625 l i ters/ha,  whereas in the Deep Banding Experiment the 
flow rates were only one-tenth or one-half that amoiant. 
Figures 4,15 and 4.16 illustrate the differences in the 
volumes of fertilized subsoil, resulting from the two meth­
ods of subsoil fertilization. 
The total amount of P (Y) accumulated in the plant 
during the growing season consists of the fractions derived 
from the soil (Y^), the non-labeled fertilizer in the plow-
layer (Y^) , and the labeled fertilizer (Y®), Using the 
available data, an attempt has been made to obtain an esti­
mate of the efficiency in which the fertilizer in the sub­
soil was taken up as compared to the efficiency in which P 
from the fertilizer in the plowlayer was taken up. Por that 
purpose we can write:  
Y = Yg + Y. Y® 
Y can. be estimated from the total amount of P accumulated 
s 
on the unfertilized control plots. Y* can be estimated by 
the product of the percentages of P derived from the labeled 
subsoil fertilizer and the total amount of P accumulated. 
It can be expressed as a linear function of the rate of P 
fertilization in the subsoil, 2^ kg P/ha: 
Y* = k® X X* , 
where k^ is a coefficient of efficiency for the labeled 
fertilizer in the subsoil. Since the total uptake of P, Y, 
was estimated for every plot at growth stage 9, the amount 
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Figure 4.15. Location and relative size of vertical cross 
sections through the center of fertilized 
volumes of soil resulting from a pneumatic 
injection of 300 ml of liquid fertilizer. 
The centers are 51 cm apart and reach a depth 
of 53 cm in the "bottom of the soil profile 
250T) 
1 
Figure 4.16. Location and relative size of four fertilizer 
"bands 51 cm below the plant row indicated "by 
the wMte garden stakes and 51 cm apart at the 
top of the soil profile 
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of P derived from the "broadcast fertilizer, Y^, can be 
determined by subtraction.  In doing so,  the assumption haa 
to be accepted that the amount of P derived from soil P was 
not changed by P fertilization. A similar assumption is 
employed in the estimation of Dean's A value. It will later 
indicated how the parameters change if the assumption is 
incorrect. Expressing the amount of P derived from the 
fertilizer in the plowlayer as a linear function of the 
fertilization rate of broadcast P, we obtain the fol­
lowing relationship: 
= k X 
In this equation, k is an efficiency coefficient expressing 
the average amount of P taken up by the soybean plant from 
every kg of P fertilizer in the plowlayer. The two effi­
ciency coefficients for each fertilizer rate are presented 
in Table 4.99, They decrease with increasing rate of 
fertilization as expected from the law of diminishing re­
turns.  The range of  the values indicates that 0.3 -  14.1# 
of the applied P fertilizer was taken up by the soybean 
plant, depending, on its location in the profile, the method 
of fertilizer placement, and the rate of fertilization. In 
the Deep Banding Experiment, the efficiency coefficient for 
P from the fertilizer in the plowlayer was 23 to 30 times 
as large as the efficiency coefficient for deeply banded P 
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Table 4.99. Values of efficiency coefficients as affected 
"by method of subsoil fertilization and rate of 
fertilization. Radioisotope Experiment, 1970 
Hates (kg/ha) k* k Ratio k/k® 
Deep Banding Experiment 
0 112 0.006 0.141 23 
0 224 0.004 0.113 28 
0 336 0.003 0.089 30 
224 112 0.016 0.096 6 
224 224 0.012 0.088 7 
224 336 0.011 0.074 7 
Pneumatic Deep Placement Experiment 
0 112 0.023 0.125 5 
0 224 0.018 0.113 6 
0 336 0.014 0.087 6 
without N fertilization. When IT was deeply banded with P, 
the efficiency coefficient of deeply banded P increased 
considerably, but broadcast fertilizer was still 6 to 7 
times more efficient. 
The largest values of the efficiency coefficient for 
labeled fertilizer in the subsoil were observed in the 
Pneumatic Deep Placement Experiment but they were still 
only one-fifth to one-sixth as large as the efficiency 
coefficient for the fertilizer in the plowlayer. 
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If one assîmes that the uptake of native soil P de­
creases with increasing rates of fertilizer P, then the 
efficiency factor for P in the plowlayer "becomes larger than 
the values reported above. If the amount of P derived from 
the soil P increases with P fertilization, then the above 
calculated values overestimate the efficiency coefficient 
of fertilizer P in the plowlayer. 
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5. DISCUSSION 
Data were collecetd from experiments in Central Iowa 
dtzring the growing seasons of 1969 through 1971 to evaluate 
the effects of various methods of deep placement of fertil­
izers on soybeans as compared to broadcast placement. 
5.1.  Deep Banding Experiments 
Pour field experiments were conducted in which effects 
of various fertilizers were compared in "broadcast and deep 
hand placement . Deep banding consisted of applying the 
fertilizer with a field applicator which placed it in con­
tinuous bands at 51 cm spacings and 51 cm depth. In 3 of 
the 4 experiments the designated deep placement actually 
involved one-half of the fertilizer applied deep and the 
other half broadcast and plowed under. It was assumed that 
it would not be agronomically prudent to place all of the 
fertilizer deep. In the fourth experiment, however, all 
fertilizer N was deeply banded in order to supply If to the 
soybean crop at a later growth stage without reducing 
nodulation at the early stage. 
Deep Banding Experiment 1969 s 
This experiment was located on a Clarion loam which 
tested low to very low in P and very low in K. The mois­
ture stress index for the growing season was 5.2, which 
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indicated a more than average supply of moisture (average 
12,1). A late season hailstorm shattered the "beans from 
many of the pods and made it impossible to measure grain 
yields. However, reliable growth and nutrient ahsoj-ption 
data were obtained which can be compared with similar in­
formation from the other experiments. 
Plant growth, measured as dry matter production at 
growth stage 9, was increased by P and K but was only 
sli^tly influenced by N fertilization. Averaged across 
all other treatments, the maximum response to P fertiliza­
tion was 0.79 tons/ha, compared to 0.35 and 0.26 tons/ha 
increases for K and N, respectively. Method of fertilizer 
application exerted little influence on plant growth or on 
growth response to individual plant nutrients. There was 
a trend for the deep placement to be slightly more effective 
than broadcasting when the higher rates of fertilizer were 
involved. 
The average chemical composition of the youngest 
mature trifoliate leaves of plants growing on the - control 
plots at the late flowering stage was 5.71^ K, 0.40# P, 
and 0.73# K. According the critical nutrient contents 
listed by Ohlrogge and Eamprath (1968), these leaf samples 
were deficient in Z (less than 1.25#) but contained ad­
equate P (0.26 to 0.50#). Whereas the percentage of N in 
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the leaves at late flowering remained remarkably constant 
(5.7^ K) and was not affected "by treatments, the N accumu­
lation by the plants (growth stage 9) was about equally 
increased by K and P fertilization but was only slightly 
affected by K. Method of placement had practically no 
effect on N accumulation. The increase in lî uptake result­
ing from P fertilization was of about the same magnitude as 
that observed in Deep Banding Experiment II and the Pneu­
matic Deep Placement Experiment (discussed later), where P 
was observed to increase nodulation. 
Phosphorus uptake by plants was sharply increased by 
P ferti l ization with the 504 kg/ha rate nearly doubling i t .  
Nitrogen and K fertilization gave increases in P accumula­
tion of approximately 10^ and 20^6, respectively. Both 
methods of application were effective but broadcasting 
resulted in significantly hi^er P uptake, particularly at 
the hi^ rate. The P content of mature leaves at the 
flowering stage ranged from 0.506 to 0.524^ P for the 504 
kg/ha rate deeply banded compared to a range of  0i566 to 
0.7140 for the same rate broadcast. This advantage con­
tinued during the season, as reflected by total P uptake 
at growth stage 9. 
Potassium accumulation increased sharply with increas­
ing rates of added K. Phosphorus fertilization increased K 
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uptake "by about 20^ and H increased it approximately lOjs. 
Broadcasting favored K uptake by a significant margin, com­
pared to deep "banding. 
In general, on this loam soil and under favorable 
moisture conditions, soybean growth response was largely 
to P and K fertilization. Broadcasting was more effective 
than deep placement in supplying the plants with P and K, 
as measured by percentage levels in leaf samples and by 
total plant uptake. However, these increases in nutrient 
uptake were not reflected in increased late-season plant 
growth. One can only speculate as to whether less favorable 
moisture conditions might have made the deep placement re­
latively more effective. 
Deep Banding Experiment II,  1970; 
This experiment was located on a Clarion clay loam 
which tested very low in N and P and low to medium in E. 
The treatments were essentially similar to those used in 
Experiment I,(1969) and involved 3 rates of N, P, and K in 
all possible combinations. Each fertilizer treatment was 
applied by two methods, broadcasting and deep banding (one-
half  broadcast  and one-half  placed deep).  
Grain yields were increased by N, P, and to a smaller 
extent by K fertilization (0.06 probability level), indica­
ting that all these fertilizer nutrients were limiting 
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yields on the control plots. As might be expected when all 
elements increased yields, various interacting effects on 
yields were observed, with the N x P interaction exerting 
the strongest effect. Hi^ rates of either of these ele­
ments applied in the absence of the other decreased yields. 
On the average across all fertilizer treatments, deep 
banding produced 101 kg/ha more grain than did broadcasting, 
or approximately a 3^ advantage. Method of placement inter­
acted significantly with the îî, P, and P x K variables. In 
general, broadcasting was equal or slightly more effective 
than deep banding as a means of applying lower rates of 
each element but decidedly inferior for the high rates. It 
appeared that part of this spread was due to some decrease 
in yields from higher rates applied broadcast and a part 
due to an increase in yields from hi^er rates deeply banded. 
Early-season growth response, as measured by dry matter 
production at growth stage 5, was largely influenced by ? 
fertilization. Placement effects were not clear cut but 
there was some evidence that broadcasting the hi^ rate 
rate of two or more elements together may have slightly re­
duced growth. 
Ehe high rate of N tended to delay plant maturity and 
the hi^ rate of P hastened maturity. On the average, 
deep placement of fertilizers advanced maturity by one day 
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compared to broadcasting. Plant lodging at maturity was 
slightly increased by heavy N and P fertilization and was 
more pronounced for broadcast applications. 
The number of nodules produced per plant at 
growth stage 6 was sharply reduced by added N, increased by 
P and unaffected by Z. Deep placement of the fertilizer 
greatly reduced the negative effect of IT on nodulation but 
banding had little influence on P and K effects on nodula­
tion. The fertilizer elements and method of application 
influenced nodule weight per plant in much the same manner. 
Since F fertilization reduced the number and weight of 
nodules per plant but generally increased grain yield, it 
is apparent that fertilizer K must have been substituting 
for symbiotically fixed N, 
As mi£fh± be expected,  2? ferti l ization had the greatest  
influence on N accumulation by the plants at growth stage 6 
but P also significantly increased it. Broadcasting favored 
F uptake at the low rate of applied U but deep banding 
resulted in greater uptake from the high rate of If. 
Phosphorus uptake by the plants was nearly doubled by 
P fertilization and was significantly increased by applied 
K, Responses in P accumulation were significantly larger 
from broadcast than from the deep band placement. 
By way of summary, it can be said that this site 
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produced a yield response to N, P, and K fertilization. 
(The largest increases were from N and 3, with both neces­
sary for maxiinum -yields. Rainfall at the site was below 
normal diiring the early part of the season, average during 
August, and slightly above normal for the season as a 
whole.  The seasonal moisture stress index was 15.2 (Table 
3.2). Under these conditions maximum yields were obtained 
from the deeply banded application. The two methods of 
application differed very little in effectiveness when the 
lower rates of fertilizer were used. However, rhen the 
high rates (672 kg N, 504 kg P, 672 kg Z) were applied, 
yields from broadcast applications decreased slightly and 
yields from deeply banded applications generally increased, 
resulting in an advantage for the deep placement. Plant 
uptake of K and P tended to follow the same pattern. 
Broadcasting all of the fertilizer accentuated depression 
of nodulation by IT and may have caused other adverse 
effects. Deep banding part of the fertilizer apparently 
alleviated any harmful effects and produced satisfactory 
yields. 
Deep Banding Experiment III (1971) :  
This experiment was located on a Clarion loam testing 
low in P and very low to medium in E. The fertilizer 
treatments consisted of all combinations of 0, 45, 179, and 
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448 kg/ha rates of each N and P. Each treatment was applied 
broadcast and deeply "banded (one-hslf "broadcast and one-half 
deeply "banded). During the early part of the growing 
season rainfall was about normal but Jiily and August were 
hot and dry.  The seasonal moisture stress index was a  20.6 
high. 
Maximum grain yields were obtained with 448 kg/ha of 
each K and P deeply banded or 448 kg of II and 179 kg of P 
broadcast. Yields were essentially the same for each of 
these treatment combinations. When the top rate of P was 
all broadcast, yields were reduced approximately 10^. Cal­
culated efficiency coefficients indicated that less of both 
K and P were required to produce a given yield when the 
fertilizer was broadcast than when deeply banded. 
Maximum yields of dry matter at growth stage 8.5 were 
produced with the same rates and methods of application 
required for maximum grain yield. Broadcasting the top rate 
of P reduced yields, whereas response to N continued up to 
the top rate and was practically independent of method of 
application. 
Nitrogen fertilization tended to delay plant maturity 
but deep banding, reduced this effect. Both N and P tended 
to increase lodging at harvest time but deep banding slight­
ly reduced this  effect .  
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Nitrogen uptake by plants was increased by both, added 
N and P fertilizers, with the top value resulting from 448 
kg/ha of K" and 179 kg/ha of P deeply banded, lower rates of 
each applied broadcast produced a nearly as great lî uptake 
and efficiency coefficients indicated that broadcasting 
resulted in more efficient use of each element for stimula­
tion of N uptake. 
Phosphorus uptake was sharply increased by applied P 
and to a much less extent by K. Broadcasting resulted in a 
slightly larger uptake of P than did deep banding. The 448 
kg/ha rate of P applied broadcast gave maximum P uptake, 
despite the fact that this treatment tended to reduce plant 
growth and grain yields. This observation suggests than an 
excessive quantity of P was accumulating in the plant 
causing some harmful effect .  
In general, both methods of fertilizer application gave 
large increases at this site. Broadcasting tended to be the 
more efficient method of applying N and P, despite the fact 
that the weather was somewhat dry during the latter part of 
the season and might have been expected to favor the deep 
placement. The influence of applied K" on nodulation was not 
measured at this site but any adverse effect on symbiotic # 
fixation seemed to have been largely overcome by the fertil­
izer K. The top rate of P (448 kg/ha) continued to increase 
yields when deeply banded but tended to have some toxic 
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effect  when broadcast .  
Deep Banding Szpariment 17,  1971 : 
This experiment involved a comparison of N fertilizer 
applied "broadcast and deeply banded, Nitrogen rates of 0, 
45• 179 J and 448 kg/ha were "broadcast and one-half these 
rates were used in the deep band treatments. No "broadcast 
If was used with the deep "band applications as in the three 
other deep banding experiments. She site was located on a 
Clarion loam and the latter part of the season tended to be 
dry with a seasonal moisture stress index of  20,6.  
Nitrogen applied by either method increased grain 
yields between 15 and 20^, with responses continuing up to 
the top rates studied. However, the deeply placed If was 
more efficient, requiring only about one-third as much N 
to produce responses equivalent to those from broadcast 
applications. Similar rate and placement effects were ob­
served on N uptake by the plants and dry matter production 
at  growth stage 8.5.  
It seems reasonable to assume that nodulation and sym­
biotic IT fixation were depressed by the lî in the surface soil 
from the broadcast treatments, as observed in other experi­
ments . Under such conditions large quantities of fertilizer 
ÎÎ were required to substitute for N normally obtained by 
fixation, whereas deeply placed N had little or no depressive 
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effect  on f ixation and served as a supplemental  source later 
in the season when weather conditions tended to be dry. 
It is a little difficult to reconcile these results 
with those from Deep Banding Experiment III, which was lo­
cated in the same field and was subjected to the same 
weather conditions. In the latter experiment, effectiveness 
of N applied by the two methods did not differ much when com­
pared at a constant P level in the surface soil. However in 
this experiment it is impossible to completely eliminate 
interacting P effects. The deeply applied K was also accom­
panied by an equal quantity of broadcast H and the latter 
was probably sufficient to produce any depressive effects on 
symbiotic Ng fixation. 
5.2.  Pneumatic Deep Placement Experiment 
This experiment was located on a Nicollet loam which 
tested very low in N, very low to low in P, and very low to 
low in K. Responses of soybeans to selected combinations of 
N and P fertilizers pneumatically injected to a depth of 
53 cm were estimated and compared with responses to broad­
cast fertilizers. On the designated deep placement plots 
the H fertilizer was all deeply placed in an attempt to 
minimize the negative effect of N on nodulation and sym­
biotic Ng fixation. The P fertilizer, however, was applied 
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in a split application. A nodulating and a non-nodulating 
soybean isoline were employed as test crops to estimate the 
amount of symbiotically fixed Ng. Approximately 3048 mm of 
water was supplied "by furrow irrigation to selected plots 
in order to estimate placement effects under adequate 
moisture supply. 
Maximum grain yield responses for nodulating soybeans 
(625 kg/ha) as well as for non-nodulating soybeans (1320 
kg/ha) under dry land conditions were observed when K was 
deeply placed and P broadcast. Irrigation increased the 
average yield level by 467 kg/ha. Responses to deeply placed 
N and ? averaged over the irrigation effect were 275 kg/ha 
and 420 kg/ha, respectively. An additional interaction 
between deeply placed IT and P increased the yield by 170 
kg/ha. Irrigation tended to increase fertilizer responses 
but its positive effect was not significant under the ex­
perimental conditions. Symptoms due to fertilizer "bum" 
were observed where 448 kg/ha of N was broadcast resulting 
in a drastic decrease of dry matter production and grain 
yield. 
Non-nodulating soybean plants on control plots lost 
their green color at the flowering stage indicating N de­
ficiency. . With deeply placed as well as with broadcast K, 
the plants maintained their green color indicating that N 
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was available with both methods of fertilizer placement. 
Yields of non-nodulating soybeans were seriously limited by 
N and, to a smaller extent, by P. (This resulted in differ­
ential responses between the isolines to deeply placed N and 
P. Dry matter production of nodulating soybeans near the 
end of flowering was not influenced by deep placement of 
fertilizers or irrigation. This is probably due to the 
fact that the crop suffered from water deficiency only after 
the flowering period. 
Nodule wei^ t and nodule number of the nodulating iso­
line were considerably reduced by N fertilization and effec­
tively enhanced by P fertilization. Deep placement reduced 
the depressing effect of combined N on nodulation. The 
le^ emoglobin concentration was increased the most by broad­
cast P. Nitrogen deeply placed appeared to have no esti­
mable effect but N decreased the leghemoglobin concentration 
markedly when broadcast. îDhe product of the leghemoglobin 
content and the weight of nodules was employed as an indez 
for the activity of Fg fixation. This index was increased 
by P fertilization and drastically decreased by N fertiliza­
tion without P. Irrigation increased the depressing effect 
of deeply placed N on this index. The amount of fixed ^ 2 
was estimated by subtracting the amounts of N accumulated by 
non-nodulating soybeans from the amounts accumulated by 
nodulating soybeans at the end of the flowering stags. The 
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average amount of symbiotically fixed lî on the control plots 
was 22 kg N/ha. A quantitative analysis of the extent to 
which the fixation was actually changed by N and P fer­
tilization cannot he assessed from these data, Ihis was 
due to differential growth responses to deeply placed N, to 
the damaging effect of broadcast N and the large variation 
of the results. On the other hand, the data do suggest that 
fertilization with 44-8 kg/ha of K may have nullified the 
biological fixation of 22 kg/ha of N in some cases. 
5.3. Radioisotope Experiments 
ÎEhe fraction of P in soybean plants derived from deeply 
handed or pneumatically deeply placed fertilizer was measured 
hy use of fertilizers labeled with ^ P^. Therefore two ex­
periments were conducted on a îîicollet loam which tested 
very low in K, very low to low in P, and very low to medium 
in K. Rates of 0, 112, 224, and 336 kg P/ha with or without 
224 kg N/lia were applied in split applications. Half of the 
P rate was labeled with ^ P^ and deeply handed or pneumatic­
ally deeply placed. The other half was incorporated in the 
plowlayer. 
Grain yield, growth, and N and P uptake were increased 
hy P fertilization with or without N. 
The percentage of plant P derived from deeply placed 
fertilizers near the end of the growing season ranged 
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between 1.5 and 6.1^  for the band placement and from. 6.2 to 
8.0^  for the pneumatic placement. 'Ihe P uptake from these 
fertilizers increased slightly with increasing rates. These 
observations suggest that the deeply banded and deeply 
placed P fertilizer were below the zone of effective nutrient 
uptake, although excavation of soybean root systems have 
shown that roots penetrate to greater depths. This finding 
is in agreement with the results of experiments reviewed by 
Hall et al. (1953) and Page (1967), which indicate that the 
greater part of the mineral nutrition of crops is derived 
from the top 25 cm of the soil. Presumably under nearly 
normal conditions in central Iowa, the deeper roots take in 
water rather than nutrients. A second factor involves the 
distribution of fertilizer P in the subsoil. Pneumatic 
deep placement incorporated P in a considerably larger 
volume of subsoil uhan did deep banding, but the volume of 
fertilized subsoil was only a small fraction of the subsoil 
potentially available for plant root growth. New techniques 
that would increase the fertilized volume in the subsoil 
should enhance the P uptake from fertilizer in the subsoil 
and increase the effectiveness of deeply placed fertilizers. 
These results confirm the findings in the experiments 
discussed earlier, indicating that the uptake of P from 
deeply banded or deeply placed fertilizers was relatively 
low. 
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6. SUMMARY AIÎD COlîCLUSIOîîS 
The objective of this study was to compare deep place­
ment and conventional broadcast-plowdown as methods for 
fertilizing the soybean crop. Grain yields, plant dry mat­
ter production, nutrient concentration and accumulation, and 
nodulation were among the criteria used for evaluation of 
the two methods. 
A series of seven field experiments was conducted from 
1969 to 1971 to study these objectives. All ezrperiments 
were located on responsive sites in the Clarion-Kicollet-
Webster soil association area in central Iowa. Several of 
the experiments involved îl, P, and K fertilizers, while 
others included only one or two of these elements as experi­
mental variables. Most of the studies included at least one 
fertilizer rate in the practical range and one very hi^ i 
rate to insure Tna-TrinrnTn response. 
Deep placement of fertilizer was accomplished by two 
methods. In one series of experiments, the fertilizer was 
knifed into the soil with a field applicator which placed 
it in continuous bands at a spacing of 51 cm and to a depth 
of 51 cm. In other experiments liquid fertilizer was in­
jected by air pressure through a lance to a soil depth of 
53 cm. These point injections were placed 51 cm apart in a 
square grid. Mostly the designated deep placement actually 
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consisted of a split application since approximately one-
half of the fertilizer was applied deep and one-half was 
broadcast and plowed under. Especially for P it was assumed 
that any advantage of deep placement would be to extend the 
volume of fertilized soil and that it would serve as a sup­
plement rather than a replacement for shallower placed fer­
tilizer because of the time required for plant roots to 
reach and exploit it. 
•iO 
Fertilizer labeled with P was used in one experiment 
to permit measurement of plant uptake of P from the fertil­
izer applied by different methods. 
Yield and growth responses to at least one fertilizer 
element were obtained at all sites. Grain yield increases 
were commonly in the 10 to 30^  range. In general, IT and P 
fertilizers produced the largest responses and both of these 
elements were frequently required for maximum yields. On 
most of the responsive sites, yield increased up to the top 
rates under study, which were in the range of 400 to 600 
kg/ha of N, P, and E. This latter observation supported 
earlier findings by deMooy (1965) which showed that very 
hi^  rates of fertilizer are often required for maximum 
growth and grain yield of soybeans. 
Despite the fact that the soybean plant is a legume, H 
fertilization consistently increased plant growth and grain 
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yields in these studies. Even low rates of broadcast K 
were observed to reduce the number and weight of nodules per 
plant in the two experiments in which these characteristics 
were measured. (Che reduction in nodulation was associated 
with corresponding decreases in relative leghemoglobin 
concentration in the nodules and in Ng fixing activity index 
in the one experiment involving these measurements. Despite 
the apparent reduction in symbiotic Ng fixation broadcast 
fertilizer N appeared to substitute in such a way that the 
plants made nearly maximum yields when adequate fertilizer 
N was available. Deeply placed IT reduced nodulation to a 
much less extent. 
The relative effectiveness of the deep placement and 
broadcast methods for applying N varied among the experi­
ments. In some experiments broadcast N appeared to be used 
more efficiently as measured by If uptake, plant growth, and 
grain yields. In Deep Banding Experiment 17, deeply banded 
N was 1.7 times as effective as equivalent amounts of broad­
cast If for increasing grain yield. Some moisture stress was 
evident at this site during late season and the deep N was 
apparently in a more favorable position with respect to soil 
moisture. Whereas, broadcast N had probably reduced nodu­
lation and the plants were dependent on N which was largely 
present in the dry surface soil. In Deep Sanding Experi­
ment II broadcasting was the more favorable method for 
272 
applying low rates of If "but deep "banding was more efficient 
when high rates were used. 
Phosphorus fertilization produced some of the largest 
effects on plant growth and chemical composition that were 
o^ bserved. In several cases P fertilization nearly dou"bled 
plant P uptake. Phosphorus tended to increase nodulation 
and was closely related to N effectiveness as indicated "by 
the many positive interactions between these two nutrients. 
The influence of method of application upon P effectiveness 
also varied from experiment to experiment. Broadcast P was 
generally more efficient but exceptions were observed. In 
Deep Banding Experiment II, broadcasting favored the effi­
ciency of the low rates but deep banding favored the effi­
ciency of the high rate. In Deep Banding Experiment III, 
broadcasting was the more efficient method for applying the 
lower rates, but the 448 kg/ha rate applied by this method 
caused a drop -in grain yields and dry matter production. 
The plant uptake of P was further increased by the 448 kg/ha 
rate, suggesting that the adverse effect of P on yield 
occurred within the plant. 
The experiments involving deeply placed fertilizers 
labeled with ^ P^ showed that the fraction of P in the plant 
derived from subsoil fertilizer ranged from 0*8 to 10.5^ , 
depending on the stage of plant growth and method of subsoil 
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fertilization. Plant uptake of P from the fertilizer in­
jected under pressure was several times as great as from 
those deeply "banded. Uptake of fertilizer ? from these deep 
placements was first detected about 30 days after plant 
emergence and increased to a maximum at the end of the 
flowering period, 
Responses to Z fertilization tended to be smaller and 
less consistent than those from îî and P. Potassium fertil­
ization did sharply increase Z uptake by plants and increased 
growth and yields on the more responsive sites. Broadcast 
K tended to be more efficient than deeply banded K but there 
was some evidence that this advantage decreased with in­
creasing rates of Z fertilizer. 
Fertilization with any of the elements caused increased 
uptake of that specific element by soybean plants. 2he 
addition of one element also frequently influenced the 
uptake of another as indicated by the observed interactions. 
The effects of fertilizer placement on nutrient concentration 
in the plant and uptake by the plant generally followed the 
same effects observed for dry matter and grain yields. A 
few exceptions have been pointed out when discussing the 
yield results. 
Nitrogen fertilization tended to retard the date of 
plant maturity and P tended to hasten it. Deep placement 
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of these fertilizers tended to lessen both effects. Both 
F and P fertilization caused some increase in plant lodging 
at maturity. Deep placement also reduced this tendency. 
In summary, both broadcast-plow down and deep placement 
were effective methods of fertilizing the soybean crop. The 
relative value of the two methods varied with individual ex­
perimental sites and the related weather conditions. Broad­
casting generally was the more efficient method, particular­
ly when the lower, more practical rates of fertilization 
were involved. The deep placements were relatively better 
when high rates (400 to 600 kg/ha of individual elements) 
were used in an attempt to maximize yields. Some evidence 
of adverse effects were noted when these high rates were 
all incorporated into the surface soil. Dry weather during 
the growing season seemed to favor deep placement. 
More specific answers regarding the value of these 
placement methods would require more trials under a wider 
range of soil and weather conditions. Any attempt to con­
sider the economics involved, would have to recognize the 
increased cost of deep or split placement of fertilizers. 
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